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Summary

Summary
The micro vortex generator (MVG) is used extensively in low speed aerodynamic
problems and is now extended into the supersonic flow regime to solve undesired flow
features that are associated with shock wave boundary layer interactions (SWBLI) such as
flow separation and associated unsteadiness of the interaction system. Numerous
experimental and numerical studies have shown that despite their small size, such devices
can alter the boundary layer properties very efficiently, when compared to the
conventional vortex generators. In order to assist a more efficient design of MVGs,
fundamental studies have been carried out to understand the associated wake properties
such as the increased boundary layer mixing and the structure and stability of the induced
vortex system. The present work is conducted in the framework of such fundamental
studies. The micro ramp is among the most commonly used MVG devices and has been
selected for the present investigations. The research is based both on wind tunnel
experiments and numerical simulations in order to build a more comprehensive and
detailed understanding of the flow behind a micro ramp immersed in a supersonic
turbulent boundary layer.
The choice of the experimental approach is justified by the fact that the incoming
turbulent boundary layer exhibits a high Reynolds number (Re=13,600), which makes it
too challenging for extensive CFD investigation by using LES or DNS approaches.
Variants of the micro ramp configuration as well as the attendant SWBLI can be studied
efficiently by wind tunnel experiments adopting PIV as velocity field diagnostics. The use
of numerical simulations by the implicit large eddy simulation (ILES) technique for one
specific case enables the detailed inspection of the flow field that adds to the
understanding of the flow development in regions or aspects where the experimental
method provides limited access. Finally, there is general interest to know that till what
extent numerical simulations can correctly identify the governing mechanisms of the
boundary layer flow manipulation by micro ramps.
Tomographic PIV is used as three-dimensional flow diagnostic technique in the
investigation of flow organization in the micro ramp near wake (x/h≈9~15). From the
experimental data it is observed that the mean flow features a conical wake containing a
pair of steady vortices aligned in streamwise direction. This is considered to be the basic
mechanism of the boundary layer flow manipulation, whereas the wall-normal velocity
component features a central focussed upwash with downwash motions at the sides.
Simultaneously, a deficit region of streamwise velocity is produced in the center of the
wake. The shear layer surrounding the wake is subject to Kelvin-Helmholtz (K-H) type
instability and the instantaneous flow organization exhibits the formation of coherent K-H
vortices that are arc shaped and dominate the velocity field fluctuations across the shear
layer. Conditional averaging of the 3D velocity field yields the salient features of the
i
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interaction between the streamwise vortices and the K-H vortices whereas the former are
found to be weakened at the generated of K-H vortices.
The downstream decay of the flow features that are introduced by the micro ramp is
relevant to its positioning with respect to the point of interaction between shock wave and
boundary layer, indicating the relevance of investigating the further downstream
development. Therefore experiments are conducted with large format PIV camera to study
the decay in the center plane of the micro ramp far wake (x/h≈12~32). In order to find a
proper scaling parameter of the micro ramp wake, two geometrically similar micro ramps
with different sizes are employed. Both streamwise and wall-normal velocity components
exhibit a power-law decay in agreement with theories for the fully developed turbulent
flow regime. The wall-normal velocity decays faster, approximately at a rate 2.5 times of
the momentum deficit. The self-similarity of the velocity profiles is also examined. The
streamwise velocity exhibits a good degree of self-similarity in the upper and lower shear
layer, while the wall-normal component has overlapped upwash profiles. Concerning the
turbulent properties, a strong anisotropy of velocity fluctuations is observed at upstream
locations (x/h<20), nonetheless both fluctuation components decay to a similar magnitude
when approaching the downstream end of the measurement domain (x/h>20). The
organization of instantaneous vortical field is also investigated in the attempt to better
understand their effect on the wake decay. Spatial auto-correlation of the instantaneous
velocity fields yields the streamwise evolution of the average distance between vortices.
Vortex pairing is identified in the range x/h=18~22 through an increase of such distance.
The detection of counter-rotating vortices in the lower part of the wake suggests that the
K-H vortices produced in the upper region of the shear layer propagate into the region
close to the wall after vortex pairing, which eventually gives rise to ring-vortex formation
in the later stage of the wake.
A numerical study using ILES with high order scheme is carried out in collaboration
with the University of Texas at Arlington. In order to establish a fair comparison with the
experimental data, the flow conditions are made as similar as possible, matching the free
stream Mach number and the ratio between micro ramp height and boundary layer
thickness. The attendant limitations on computational resources limit the Reynolds
number based on boundary layer momentum thickness to about one-third of that in the
experiments. The comparison covers the most relevant quantities, such as the streamwise
and wall-normal velocity and the peak vorticity. An overall good agreement is observed.
A noticeable discrepancy involves underestimation of upwash motion: the wall-normal
velocity amounts to 70% of the measured data. In the observation of instantaneous flow,
vortex pairing is also identified and the spatial-temporal evolution of the K-H vortex is
studied by tracking, which confirms the flow model conjectured from the planar PIV
study in the center plane.

ii

Samenvatting

Samenvatting
De micro vortex generator (MVG) wordt veelvuldig toegepast in de lagesnelheids
aerodynamica en in toenemende mate nu ook in het supersone snelheidsbereik, als
oplossing voor ongewenste stromingsfenomenen waarmee schokgolf-grenslaag interacties
(SWBLI = shock wave boundary layer interaction) gepaard gaan, zoals loslating en de
instationairiteit van de interactie. Talrijke experimentele en numerieke studies hebben
aangetoond dat deze MVG’s, ondanks hun kleine afmetingen, de eigenschappen van de
grenslaag op efficiënte wijze kunnen beïnvloeden, in vergelijking met meer conventionele
vortex generatoren. Ter ondersteuning van een efficiënter ontwerp van MVG’s zijn
diverse fundamentele studies uitgevoerd om meer inzicht te krijgen in de relevante
eigenschappen van de zogstroming, zoals de versterking van de menging in de grenslaag
en de structuur en de stabiliteit van het opgewekte wervelsysteem. Het huidige werk is
uitgevoerd in het kader van zulk fundamenteel onderzoek. De Micro Ramp is een van de
meest toegepaste MVG configuraties en vormt ook het onderwerp van de huidige studie.
Het onderzoek is gebaseerd op zowel windtunnel experimenten als numerieke simulaties,
om een meer volledige en gedetailleerde beschrijving te verkrijgen van de stroming achter
een micro ramp in een supersone grenslaag.
De keuze van de experimentele aanpak wordt gerechtvaardigd door de hoge waarde
van het Reynolds getal van de inkomende grenslaag (Re=13,600), waardoor uitgebreide
CFD simulaties met LES of DNS niet haalbaar zijn. Varianten van de micro-ramp
configuratie en de overeenkomstige SWBLI kunnen efficiënt bestudeerd worden met
windtunnel experimenten, met PIV als stromingdiagnostische methode. Het gebruik van
numerieke simulaties volgens de implicit large eddy simulation (ILES) techniek voor een
specifiek geval stelt in staat om de details van de stroming nader te onderzoeken, en vormt
zo een aanvulling op de begripsvorming omtrent de stromingsontwikkeling, in gebieden
of aspecten waar de experimentele methode beperkt is. Ten slotte is er de algemene
interesse in welke mate numerieke simulaties in staat zijn tot een identificatie van de
mechanismen waarmee de grenslaag wordt beïnvloed door de micro-ramps.
Tomografische PIV is toegepast als driedimensionale diagnostische techniek, ter
bestudering van de stromingorganisatie in het nabije zog van de micro-ramp (x/h ≈ 9~15).
De experimenten tonen aan dat de tijdsgemiddelde stroming een conisch zog vertoont,
met daarbinnen twee stationaire contraroterende wervels in langsrichting. Dit wordt
gezien als het basismechanisme van de grenslaagmanipulatie, waarbij de stroming in de
richting loodrecht op de wand een centrale opstroming vertoont, met neerstroming aan de
zijden. Simultaan hieraan ontstaat een snelheidsdeficit in de hoofdstroomrichting. De
shear layer aan de rand van dit zog ondergaat een Kelvin-Helmholtz (K-H) type
instabiliteit, en de instantane stromingorganisatie vertoont de vorming van coherente,
boogvormige K-H wervels, die de snelheidsfluctuaties in de shear layer domineren.
iii
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Conditional averaging van het 3D snelheidsveld levert de meest opvallende kenmerken
van de wervelinteractie, waarbij de K-H wervels de langswervels verzwakken.
De geleidelijke afname van de invloed van de door de micro-ramp veroorzaakte
stroming heeft een belangrijke relevantie voor de positionering ervan ten opzichte van de
interactie, en dit motiveert een nader onderzoek naar de ontwikkeling van het zog verder
stroomafwaarts. Hiertoe zijn experimenten uitgevoerd met een groot formaat PIV camera,
om zo de verdere ontwikkeling van de stroming in het symmetrievlak vast te leggen (x/h≈
12~32). Om inzicht te verkrijgen in de juiste schalingsparameter zijn twee geometrisch
identieke micro-ramps met verschillende afmetingen gebruikt. De snelheidscomponenten
in stromingsrichting en loodrecht op de wand vertonen beide een exponentiele afname, in
overeenstemming met de theorie voor volledig ontwikkelde turbulentie. De verticale
stromingscomponent neemt sterker af, ongeveer 2.5 keer zo snel als het snelheidsdefect.
Ook is de gelijkvormigheid van de snelheidsprofielen onderzocht. De snelheidscomponent
in stromingsrichting vertoont een goed mate van gelijkvormigheid in de bovenste shear
layer, terwijl bij de snelheid loodrecht op de wand de profielen goed overeenkomen in het
gebied beneden de maximale opstroming. Wat de turbulentiegrootheden betreft, wordt een
sterke anisotropie waargenomen in meer stroomopwaartsgelegen gebied (x/h<20), echter,
beide componenten nemen af tot vergelijkbare waarden aan het eind van het meetbereik
(x/h>20). De organisatie van het instantane wervelveld is ook onderzocht in een poging
om beter begrip te krijgen van hun effect op de zogafname. Ruimtelijke autocorrelatie van
de instantane snelheidsvelden levert de stromingsgewijze ontwikkeling van de gemiddelde
afstand tussen wervels. Wervelparing wordt waargenomen in het gebied x/h=18~22, wat
gepaard gaat met een toename van deze afstand. De detectie van contraroterende wervels
in het onderste deel van het zog suggereert dat de K-H wervels geproduceerd in het
bovenste deel van de shear layer, zich na wervelparing verder ontwikkelen in de richting
van de wand, wat uiteindelijk leidt tot de vorming van ringwervelstructuren in het latere
stadium van het zog.
Een numerieke studie met ILES met een hogere orde schema is uitgevoerd in
samenwerking met de University of Texas in Arlington. Om een zo goed mogelijke
vergelijking te kunnen maken, zijn de stromingscondities waar mogelijk gelijk genomen,
met dezelfde waarde van het Mach getal en de verhouding tussen de ramp hoogte en de
grenslaagdikte. Beperkingen in de rekenmogelijkheden limiteren het Reynoldsgetal op
basis van de impulsverliesdikte tot een derde van de waarde in de experimenten. De
vergelijking omvat de meest relevante stromingsgrootheden, zoals de snelheden in
stromingsrichting en in de richting loodrecht op de wand en piekwaarden van de
vorticiteit. In het algemeen wordt een goede overeenstemming gevonden. Een merkbare
discrepantie betreft de onderschatting van de opstroming: de berekende verticale snelheid
ligt op 70% van de gemeten waarde. Wervelparing is ook waargenomen in de instantane
stroming en de spatio-temporele evolutie van de K-H wervels is onderzocht met tracking,
wat het stromingsmodel van de PIV studie bevestigt.
iv
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Latin
a
A
c
c
C
CD
d
ddiff
dτ
Da
E(X,Y,Z)
f
f
f#
h
h+
heff
H
I(x,y)
k
M
M
Ma
N
N
Ni
P0

acceleration
integration area
MVG chord length
numerical snapshot cross-correlation
summation of snapshot cross-correlations in an ensemble
drag coefficient
disparity distance in Tomo-PIV self-calibration
diameter of the diffraction pattern
Imaged particle diameter
lens aperture diameter
three-dimensional intensity distribution
focal length of an optic lens
PIV recording frequency
numerical aperture
MVG height
device Reynolds number
device effective height
boundary layer shape factor
light intensity in digital particle image
iteration number in Tomo-PIV reconstruction
optical magnification factor
number of pixel of interrogation window in horizontal
direction
Mach number
number of pixel of interrogation window in vertical direction
number of velocity field snapshots in the data ensemble
number of voxels along the line-of-sight corresponding to the
i-th pixel
total pressure
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Nomenclature
Q
Q
r
Re
s
S
T*
uτ
𝑢
u,v,w
U,V,W
𝑈, 𝑉
u’, v’, w’
〈𝑢′ 〉,

〈𝑣 ′ 〉, 〈𝑤 ′ 〉

〈𝑢′ 〉, 〈𝑣 ′ 〉
𝑢’𝑣’, 𝑢’𝑤’
̃ , 𝑢’𝑤’
̃
𝑢’𝑣’

reconstruction quality
a vortex detection criterion
vortex radius
Reynolds number
spacing between MVG devices in an array
strain rate
total simulation time in ILES
surface friction velocity
time-averaged velocity
instantaneous velocity components
time averaged velocity components
normalized velocity
fluctuation of velocity components
RMS of velocity fluctuation components
normalized RMS of velocity fluctuation components
Reynolds shear stress components

𝑥, 𝑦
X, Y, Z
y+
z0
Z0

normalized Reynolds shear stress components
velocity vector
MVG width
weighting coefficient in Tomo-PIV reconstruction
distance between MVG trailing edge and SWBLI
Cartesian coordinates
coordinates in the image plane in Tomo-PIV calibration
deviated coordinates in the image plane during Tomo-PIV
self-calibration
normalized coordinates
coordinates in physical space in Tomo-PIV calibration
distance in wall unit
distance between the image plane and lens plane
distance between the object plane and lens plane

α
β
Γ

MVG half span angle
MVG declining angle at the trailing edge
circulation

V
w
wi,j
xp
x, y, z
x, y
x’, y’

Greek
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Nomenclature
Γ5
δ
δ*
δz
ΔP
Δt
Δt
ΔT
ΔT
ε
θ
κ
λ
λ2
μ
μ
υ
ρ
τp
ω
𝜔
Ω
Ω

circulation at x/h=5
boundary layer thickness
boundary layer displacement thickness
focal depth
total pressure change across SWBLI
laser pulse separation in PIV
time marching step in ILES
measurement time separation in PIV
time separation between recorded snapshots in ILES
uncertainty value
boundary layer momentum thickness
digital image resolution
wave-length
a vortex detection criterion
dynamic viscosity
relaxation factor
kinematic viscosity
density
particle relaxation time
vorticity
non-dimensional vorticity
vorticity field

3
4
BL
center
conv
corr
deficit
f
(i,j)
KH
low

MR3
MR4
boundary layer
wake center position
convective
Correlation
maximum deficit position
Fluid
number of grid nodes in (x,y) directions
Kelvin-Helmholtz instability
wake lower edge

rotation vector

Subscript
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Nomenclature
max
min
n
p
slip
up
upwash
w
x,y,z
∞
+
−

maximum value
minimum value
number of the data in an ensemble
particle
particle slip
wake upper edge
peak upwash position
wall
streamwise, wall-normal, lateral directions
free stream
positive value
negative value

Superscript
0
0
k
+
−

initial condition of iteration
the true value of a quantity
number of iterations
positive value
negative value

Abbreviation
BLC
CCD
CFD
DBD
DEHS
DNS
FOV
FOV3
FOV4
ILES
ISWBLI
K-H
LDA
LES
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boundary layer control
charge couple device
computational fluid dynamics
dielectric barrier discharge
di-ethyl-hexyl-sebacate
direct numerical simulation
field of view
field of view for micro ramp with height of 3mm
field of view for micro ramp with height of 4mm
implicit large eddy simulation
incident shock wave boundary layer interaction
Kelvin-Helmholtz
laser Doppler anemometry
large eddy simulation

Nomenclature
MART
MEMS
MR3
MR4
MaVG
MVG
NSWBLI
OV
PDF
PIV
ppp
RANS
RMS
SBVG
Stereo-PIV
SWBLI
Tomo-PIV
VG
WENO
WS

multiplicative algebraic reconstruction technique
micro-electro-mechanical system
micro ramp with height of 3 mm
micro ramp with height of 4 mm
macro vortex generator
micro vortex generator
normal shock wave boundary layer interaction
overlap
probability density function
particle image velocimetry
particle per pixel
Reynolds-averaged Navier-Stokes
root-mean-square
sub-boundary layer vortex generator
stereoscopic PIV
shock wave boundary layer interaction
tomographic PIV
vortex generator
weighted essentially non-oscillatory
window size
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Chapter 1

Introduction
The micro ramp device belongs to the class of micro vortex generator (MVG) used
for boundary layer manipulations. In this study the particular application in supersonic
flows is proposed to mitigate the unfavourable effects associated with the shock wave
boundary layer interaction (SWBLI), such as flow unsteadiness or separation. The
relevance of SWBLI phenomena for several systems in aeronautics is discussed at an
introductory level here, which justifies the detailed study of such devices for flow control.
Boundary layer control techniques are later discussed within two categories, namely the
passive and the active type. The present chapter concludes with the organization of the
dissertation and the description of the objectives aimed at.

1.1 SWBLI in aerospace systems
The first publicly available observation of SWBLI was perhaps reported by Ferri
(1940), where a weak oblique shock wave appeared on a deflected flap in the transonic
flow regime, with the boundary layer undergoing separation. In the following decades,
SWBLI was found to occur in various high-speed vehicles. The following sections
illustrate the relevance of SWBLI by three examples related to aeronautics.

1.1.1 Transonic flight
When an airfoil advances at transonic speed in the supercritical regime a normal
shock (terminating shock) is usually formed on the airfoil suction side. The flow
accelerates beyond sonic conditions in the first part of the airfoil. Subsequently, the
deceleration causes the flow to recompress, which occurs through the formation of a
shock wave emanating from the airfoil surface (see figure 1.1). The strong adverse
pressure gradient introduced by the normal shock wave may cause the airfoil boundary
layer to separate. It is thus of particular interest to investigate boundary layer manipulation
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techniques that can possibly eliminate or alleviate the phenomenon of boundary layer
separation from transonic airfoils.
Moreover, the above flow interaction can occur featuring low-frequency unsteady
fluctuations leading to what is usually referred as “shock-buffeting”, whereby relatively
large oscillations of shock wave are observed in conjunction with intermittent flow
separation. The sequence of four colour Schlieren images in figure 1.2 visualizes the
oscillating structure of shock-buffeting on a bi-convex airfoil at a transonic Mach number
of Ma=0.76 and Re=6.8×106 (Doerffer et al. 2011). The shock wave and separation region
interact in a resonant mode, with fluctuating aerodynamic loads exerting on the airfoil,
which cause structural fatigue problem. As a result, additional considerations need to be
taken into account in the design of the structure such that vibration modes are not excited
by the buffeting phenomenon.

Figure 1.1 Formation of flow separation on transonic airfoil due to normal shock wave
boundary layer interaction (source: Wikipedia-transonic).

Figure 1.2 Colour Schlieren visualizations of the oscillatory behaviour of shock-buffeting
on a bi-convex airfoil (Doerffer et al. 2011).
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1.1.2 Engine intake
For air-breathing engines, the intake section is an important component as it
decelerates the ingested flow to be supplied to the engine rotating components installed
downstream. Jet engines of aircrafts operating in the subsonic regime, such as most civil
aviation passenger airliners, are equipped with a relatively simple, straight and short
intake section. In contrast, supersonic and hypersonic intakes are different in geometrical
shape and working principle, as they are relatively long and often decelerate the flow
through shock waves. Great efforts are thus required in the intake design, as the
propagation of shock wave needs to be carefully arranged with the aim of minimizing
total pressure loss. An example of the shock wave system in the intake of propulsionairframe integrated scramjet is shown in figure 1.3.

Figure 1.3 Shock waves and SWBLI in a propulsion-airframe integrated scramjet (source:
Flow Physics and Computational Engineering, Stanford University).
The increased length of supersonic and hypersonic intakes causes the boundary layer
along the intake inner wall to grow substantially, which leads to SWBLI when the
boundary layer encounters the region where the shock wave reflects on the wall. A
simplified model of SWBLI in the supersonic intake is shown in figure 1.4, which is also
known as the shock reflection interaction. Once the oblique incident shock wave is strong
enough, flow separation and recirculation is the result of the adverse pressure gradient
experienced across the shock wave. On the other hand, the impinging shock wave may
also be unsteady; the induced separation region inevitably exhibits unsteady features,
which are eventually convected downstream towards the rotating engine components.
Shock waves cannot be totally avoided in supersonic and hypersonic intakes, therefore
flow control is usually considered to manipulate the boundary layer such to reduce the
layer of low momentum flow within the boundary layer. A widely adopted technique is to
avoid ingesting the thick layer of low momentum fluid resulted from the boundary layer
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development along the aircraft fuselage by displacing the supersonic intake away from the
fuselage, namely the boundary layer diverter. An example of boundary layer diverter on
the Dassault Rafale fighter aircraft is shown in figure 1.5.

Incident shock

Reflected shock

Figure 1.4 Schlieren photograph of impinging oblique shock wave boundary layer
interaction (Dussauge et al. 2006).

Figure 1.5 Engine intake with boundary layer diverter in Dassault Rafale fighter aircraft
(source: Wikipedia).

1.1.3 Flow in turbomachinery
The improvement of jet engines towards a higher efficiency also passes through an
optimization of the fan and the compressor subsystems. The latter is being advanced
towards higher compression ratios. This requirement leads to a considerable increase in
the flow velocities relative to the blades, supersonic speeds and shock waves may occur in
the blade passages. As a result, at transonic and supersonic inflow conditions, the blade

4

Introduction
pressure rise and blade element efficiency are essentially affected by both the shock
strength and the interaction mechanism of the shock waves with the blade surface
boundary layer (Kusters & Schreiber 1998). An example of SWBLI in the supersonic
compressor cascade at Ma=1.25 is shown in the Schlieren image in figure 1.6.
The shocks and their interactions deteriorate the cascade flow introducing unwanted
levels of unsteadiness, in turn distorting flow in downstream stages and giving rise to
stronger rotor-stator interaction. In particular, the boundary layer developing on the blades
is thickened when passing through the shock, causing a reduction of the cross section
available for the mass flow. If the effective flow becomes too small, compressor stall may
occur, compromising flight safety. As a result of the above, propulsion engineers maintain
high efforts to alleviate the consequences of SWBLI in turbo-jet engines.

Figure 1.6 Schlieren image of SWBLI in compressor cascade at Ma=1.25 (source:
Institute of Propulsion Technology, DLR).

1.2 Boundary layer control techniques
In order to alleviate the unfavourable consequences of SWBLI as discussed in the
previous section, boundary layer control (BLC) techniques are devised and applied. The
basic principle is exemplified in figure 1.7. Comparing the two boundary layers, a fuller
profile is achieved after control, which suggests that a higher kinetic energy is contained
in the near wall flow. The boundary layer is therefore better capable of enduring the shock
induced adverse pressure gradient.
The parameter that is commonly used for effectiveness evaluation is the boundary
layer shape factor H. It is defined as the ratio of boundary layer displacement thickness 𝛿 ∗
and momentum thickness 𝜃:
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𝛿∗
(1.1)
𝜃
Since 𝛿 ∗ and 𝜃 vary at different rates by changing the velocity profile, a fuller profile has
a smaller H, which is a desired property for a boundary layer undergoing interaction with
shock waves. Therefore the aim of most flow control techniques is to manipulate the
boundary layer flow towards smaller values of H. The relation between H and boundary
layer fullness can also be seen through the comparison of laminar and turbulent boundary
layers: the former typically has H=2.59 (Blasius boundary layer), whereas the latter
exhibits a fuller profile with H=1.3~1.4.
To date several techniques have been demonstrated and applied to perform flow
control in boundary layers. A possible classification is by means of two categories based
on whether an external energy input is required: passive control and active control. Both
categories are discussed in this section.
𝐻=

Figure 1.7 Basic objective of boundary layer control.

1.2.1 Passive control techniques
Techniques falling in the category of passive flow control are usually based on the
application of small devices installed onto the solid surface. The implementation is rather
simple as no specific requirement apart from the system solidity and durability is needed
for such systems. The application of these devices can also be performed as a system
retrofit with minor efforts for their integration onto existing wings or engine intakes.
These usually take the task and the form of turbulators, or macro/micro vortex generators.
Turbulators
The turbulator is a device that turns a laminar boundary layer into a turbulent one,
which may be desired on some low speed aircrafts, such as the glider, where the Reynolds
number is low and the natural boundary layer transition happens relatively late which
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needs to be enforced. Forcing the boundary layer transition from laminar to turbulent, on
one hand, has the unwanted effect of increasing drag; on the other hand, the turbulent
boundary layer copes better with the adverse pressure gradient in the aft part of the wing,
preventing or delaying separation or even stall. Flow separation can be eliminated by
adding the turbulating strips, usually placed in the first half of the airfoil chord. The
turbulator can be a thin zigzag strip as shown in figure 1.8 or simply a region of increased
surface roughness. Although the turbulent boundary layer increases skin friction, this can
be smaller compared to the drag increase due to flow separation.

Figure 1.8 The zigzag turbulator installed on the wing of a glider (source: Wikipedia).
Vortex generators
The vortex generator (VG) is another class of passive control technique. It usually
features an aerodynamic surface of height equivalent to or larger than the boundary layer
thickness. Many aerodynamic applications use these devices to control a localized flow
separation over a relative short downstream distance. The vortex generators produce an
increase of near wall momentum through macroscopic momentum transfer from the free
stream to the wall region by means of quasi-streamwise coherent vortices (Schubauer &
Spangenber 1960). An example of VGs installed on the aircraft wing for SWBLI control
on the wing upper surface is shown in figure 1.9.
A wide variety of VGs has been developed, the common geometries of VG feature
the vane shape and the ramp (wedge) shape, which are shown together in figure 1.10.
These passive devices manipulate the boundary layer by producing vortex filaments
(Freestone 1995). As for all other passive devices, the VG also offers the advantage of an
easy installation and does not require additional mechanical devices or electronic system
for its operation. In comparison with the turbulators, VGs generally induce less drag.
However, when large in size, these VGs may still introduce excess residual drag
converting the fluid forward momentum into unrecoverable turbulence in the aircraft
wake.
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Figure 1.9 An array of vortex generators on the aircraft wing for shock buffeting control.
(picture taken on B737-800, operated by Transavia airlines, flying from Barcelona to
Amsterdam).

(a)
(b)
Figure 1.10 The vane type (a) and the ramp (wedge) type (b) vortex generators and the
resulting streamwise vortices (Freestone 1995).
Micro vortex generators
The micro vortex generator (MVG) is a derivative of the conventional VG and it
works under a similar principle. The MVG features a device height smaller than the
boundary layer thickness (h<δ). This is alternatively referred to as submerged vortex
generator (Rao & Kariya 1988), sub-boundary layer vortex generator (SBVG, Ashill et al.
2002) or low-profile vortex generator (Lin 2002). Although the size of MVG is only a
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fraction of a conventional VG, it is often able to perform boundary layer control with
comparable effectiveness and efficiency.

(a)
(b)
Figure 1.11 Applications of VG and MVG on multi-element wings for flap separation
reduction: (a) VGs installed on wing trailing edge (source: aerospaceweb.org); (b) MVGs
installed on flap leading edge.
The advantages of MVG over VG can be elaborated through the example of wing
flap separation reduction. The conventional VG is usually installed on the wing trailing
edge to reduce flow separation on the flap when deployed to high lift configuration as
shown in figure 1.11(a). However, the drag remains high in cruise condition due to the
presence of the VGs on the wing surface. By replacing the VG with MVG, the devices can
be installed on the flap leading edge, see figure 1.11(b), which becomes effective only
when the flap is deflected, whereas they are buried under the main wing during cruise
with no additional drag.

1.2.2 Active control techniques
Active control techniques are different from the passive ones, as additional actuator
is required. The main advantage of active devices is that the control can be switched off
when it is not needed, which is difficult in the case of passive techniques. As a result, the
active techniques are attractive in that they are able to perform flow control more
efficiently. For example, flow separation induced by SWBLI on transonic wings only
occurs when flying beyond the critical Mach number. An active flow control device may
be enabled in these conditions only and remain inactive without affecting cruise
performance when the aircraft flies in the subcritical regime. The most commonly adopted
techniques of active control in BLC are fluidic actuators that produce flow suction or
ejection or alternating suction and ejection (synthetic jets). Additionally, solid-state
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actuators based on electrical principles (plasma actuators) are receiving increased
attention in the last years.
Boundary layer ejection and suction
Flow ejection and suction are rather established techniques for BLC in various
applications. Since there is mass flow, which can be added/removed respectively, they are
also known as nonzero mass flux method. An example is shown here where the ejection
technique has been applied in the attempt to mitigate SWBLI (figure 1.12). An array of
continuous jets inclined at 45 degrees interacts with the turbulent boundary layer prior to
reaching the shock interaction region (Sourverein & Debieve 2010). Suction aims at
removing the low momentum flow in the near wall region inside the boundary layer,
through micro orifices or slots on the surface. This method usually requires mechanical
power to activate a pump (Weiss & Olivier 2013) and its integration in the wing involves
significant modifications. Improvements of aerodynamic performance by means of
ejection and suction have been demonstrated (Wang et al. 2013), however, the amount of
mass flow added/removed through ejection and suction requires careful investigation,
otherwise adverse effects may occur. Take the supersonic intake as an example, if too
much flow is removed, the reduction of mass flow may become significant and decrease
the engine overall performance. A larger inlet may be needed for compensation, resulting
again in weight and drag penalty.

Figure 1.12 Schematic representation of the experimental setup using continuous air jet
vortex generator for SWBLI control. (Souverein & Debieve 2010).
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Synthetic jets
The synthetic jet is another emerging method for BLC, which is usually generated
by an oscillating membrane or piston that forces the fluid to flow in and out through an
orifice or slot, interacting with the external flow field. An example of the experimental
apparatus of a synthetic jet is shown in figure 1.13, where the periodic ejection/suction
cycle is fulfilled by the external scotch-yoke actuator. The synthetic jet delivers a nonzero
momentum output with zero net mass, hence it is also called zero mass flux method,
contrary to the sole ejection or suction. One appealing property of the synthetic jet is that
its actuation requires neither external fluid supply nor complex piping. This feature
enables the actuator to obtain advantages such as reduced size and lower weight. Because
of the improved manufacturability, reduced costs and increased reliability, synthetic jet
recently becomes more popular (Park et al. 2003). In particular, the development of
micro-electro-mechanical systems (MEMS), the synthetic jet actuator fabricated with
MEMS technology may play an even more important role in flow control for both external
and internal flows.

Figure 1.13 The experimental apparatus of synthetic jet used by Park et al. (2003).
Plasma actuators
The plasma actuator operating at the atmospheric condition has also received much
attention in the last decade through alternating excitement and frustration. On one side,
this device is extremely versatile; on the other side, its weakness does not make it suited
yet for the typical flow speeds encountered in aviation. The introduction of glow
discharge plasma actuators (Roth 2003) that can produce sufficient electron and ion
density in the air at atmospheric pressure enables the use of an electromagnetic field to
apply body force to the air flow. A plasma actuator induces a local flow speed
perturbation eventually developing downstream as pulsed jet or a vortex sheet depending
on the configurations. Plasma actuators can also behave as vortex generators. The
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difference between plasma actuator and aforementioned active techniques is that they do
not require any moving part but an electrical power input. Moreover no holes need to be
drilled on the aerodynamic surfaces. Surface dielectric barrier discharge (DBD) plasma
actuators have become increasingly popular because of their rapid time response and low
weight. One typical setup of DBD plasma actuator is shown in figure 1.14, where a fuller
velocity profile is achieved after forcing the flow with the actuator. Kotsonis et al. (2013)
recently reported the application of plasma actuators for airfoil circulation control.

Figure 1.14 Schematic of DBD plasma actuator for boundary layer control (Choi et al.
2011)

1.3 Thesis objectives and organization
The main objective reported in this thesis is the detailed characterization of the fluid
dynamic aspects of a specific vortex generator in the supersonic flow regime. The MVG is
chosen as it is currently receiving most attention as BLC device because of its efficiency,
robustness and effectiveness in SWBLI control. The particular case of the symmetrical
micro ramp is selected. The investigations are targeted to explore the flow structure of the
turbulent boundary layer under the effect of a micro ramp. Therefore the studies focus on
the wake region. The effect of micro ramps on SWBLI is not yet introduced at this stage
so that the micro ramp wake can be studied without the interference of the shock induced
adverse pressure gradient. Wind tunnel experiments are the major approach for the
investigation, with particle image velocimetry (PIV) being employed as the principal flow
diagnostics tool. Part of the research is also combined with unsteady numerical
simulations based on the implicit larger eddy simulation (ILES) technique. The results
from ILES provide important supplementary information to overcome the limitations of
PIV technique in the current experimental configuration, such as the limited laser volume
thickness in the illumination of whole far wake structure.
Chapter 2 provides a review of the studies on MVG and gives a preliminary
understanding of MVG baseline flow. Applications in the subsonic regime are firstly
discussed. The advancement towards supersonic applications is then discussed and the
most prominent open questions found from the literature survey are elaborated.
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The experimental tools used for this research are described in chapter 3. The
supersonic wind tunnel and PIV techniques are presented and details of experimental
arrangements are given. The measurement uncertainty associated to PIV is also assessed.
The data post-processing technique used to analyse discrete vortices is introduced here for
the vortex detection approach used later on.
The three-dimensional organization in the near wake resulted from a single micro
ramp is studied in chapter 4. The velocity field is measured by means of tomographic PIV.
Two major objectives are targeted in this chapter: one is on the investigation of the
instantaneous three dimensional flow structures; the second one is the complex vortical
organization in the instantaneous flow. The study looks at the behaviour of both
streamwise momentum deficit and the wall-normal velocity component fluctuations,
which has not received sufficient attention in past studies. In the scope of the latter
objective, focus is placed on the flow instability on the wake boundary and the interaction
between the two categories of vortices.
Chapter 5 is dedicated to the far wake region, in the attempt to draw some general
conclusions on the statistical properties of the wake and its decay. The velocity field is
retrieved by means of large field of view planar PIV. The decay of the wake properties is
analysed, including a discussion of the time-averaged velocity components and of the
turbulent quantities. Moreover the transition of the large scale flow organization prior to
the turbulent breakdown of the wake is discussed.
The numerical investigation with implicit large eddy simulation (ILES) study is
reported in chapter 6. The chapter includes first a detailed comparison with experimental
data with the purpose of validation this state-of-art methodology for unsteady flow
simulations. Furthermore, the ILES data is scrutinized for physical interpretation, with the
clear advantage that the time-resolved entire flow field can be revealed, allowing the study
of flow evolution within a longer extent.
Finally in chapter 7, some conclusions are drawn based on the studies in the
previous chapters. Outlooks are also given for the future developments.
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Chapter 2

Boundary layer control by micro vortex
generators
The concept of micro vortex generators was probably first introduced by Keuthe in
the 1970s (Keuthe 1972). In his work, wave-type MVGs with height of 27% and 42% of
boundary layer thickness were installed on airfoil to reduce trailing edge noise by
suppressing the formation of a Karman vortex street and by reducing the velocity deficit
in the airfoil wake. Since the late 1980s, these devices appeared in the literature under
different names such as sub-boundary layer vortex generator (Holmes et al. 1987),
submerged vortex generator (Rao & Kariya 1988), low-profile vortex generator
(McCormick 1993) and micro vortex generator (Lin et al. 1994). Among these, the micro
vortex generator (MVG) is the most commonly used in the recent years and will also be
used in this thesis.
A review of the studies on MVG will be given in this chapter. The working principle
of MVG is introduced first. Although the present thesis focuses on the MVG applications
in supersonic flows, studies in the subsonic regime are also summarized to provide a more
comprehensive picture. The application of MVGs in supersonic flows is to mitigate the
adverse effects caused by shock wave boundary layer interactions (SWBLI), works
performed in the supersonic flow regime are discussed subsequently based on different
types of SWBLI. In addition, studies that are more fundamental were performed on the
MVG alone in order to reveal the downstream flow structures and vortex decay behaviour.
They are discussed as well to introduce the flow organization of the MVG wake, which is
a focus of present thesis. At the end of the chapter, the open questions raised in the
literatures are proposed as the current research objectives.
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2.1 Micro vortex generator (MVG)
2.1.1 Principle of operation
The working principle of MVG has been elaborated by various authors (Rao &
Kariya 1988, Babinsky et al. 2009, etc.). It is known to affect the boundary layer by
means of generating vorticity in the streamwise direction, through which momentum
exchange between the near wall region having low momentum and the upper region with
higher momentum is promoted. A rear view of the MVG wake is shown in figure 2.1;
following the motion of the vortical activity, upwash and downwash are produced in the
center and sides respectively. The upwash transports the low momentum fluid away from
the wall, whereas the downwash entrains high momentum fluid towards the wall.
Therefore the near wall region eventually obtains higher momentum and is more capable
of enduring the adverse pressure gradient.

Upwash:
lift of low momentum near wall flow

Vortex

Vortex

Downwash:
entrainment of high momentum flow

Figure 2.1 Rear view of the MVG wake with upwash at center and downwash at side, both
of which are the product of the streamwise vortex (free stream velocity is out of the plane).

2.1.2 Micro vortex generator (MVG) vs. macro vortex generator
(MaVG)
Conventional macro vortex generator (MaVG) has a height that is larger than or of
the order of the boundary layer thickness. First introduced by Taylor in the late 1940s
(Taylor 1947), these devices consisted of a row of small plates or airfoils that are located
normal to the surface and were set at an angle of incidence to the local flow to produce an
array of streamwise trailing vortices. After being developed for more than 50 years,
MaVGs are proposed having various geometries, such as vanes and ramps. However, they
work under the similar principle of generating streamwise vortex.
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The major difference between the MVG and the MaVG is in terms of device height;
a comparison is shown in figure 2.2. In general, the velocity deficit within a turbulent
boundary layer is most prevalent near the wall within the inner 20% of the boundary layer
height. It is this region where an adverse external pressure gradient tends to lower the
velocity and thus promotes flow separation. As already mentioned in the previous section,
the concept of a MVG is to increase the momentum transfer between the outer and inner
portions of the boundary layer, thereby increasing the velocity near the surface, whereas
the MaVG is sized to transfer momentum from outside the boundary layer to the surface.
Although both devices operate based on a similar mechanism (generation of streamwise
vortex), there are some major differences. For example, the MVG produces a larger
velocity gradient close to the wall and has a stronger and lower deficit region in the profile,
see figure 2.3.

Figure 2.2 Size comparison of MaVG (conventional vortex generator) and MVG (subboundary layer vortex generator) (Holmes et al. 1987)

Figure 2.3 Comparison of controlled boundary layer profiles resulted from MaVG (VG in
the figure) and MVG (SBVG in the figure) (Holmes et al. 1987)
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2.1.3 Co-rotating vortex generation vs. counter-rotating vortex
generation
In general, the MVGs that are mounted on aerodynamic surfaces consist of multiple
elements. Depending on the configuration, the resulted vortex array may form either corotating vortices or counter-rotating vortices (see figure 2.4). For example, the vane array
on the flap shown in figure 1.11(b) belongs to the former category. Examples of counterrotating vortices can be observed in the wake of a micro ramp or downstream of counterrotating vanes such as those shown in figure 1.10.

Figure 2.4 Schematic cross-sections of streamwise vortex systems behind MVG arrays.
Top: co-rotating; Bottom: counter-rotating. (Kuethe 1972)
Studies related to co-rotating and counter-rotating devices have been carried out
respectively. Yao et al. (2009) performed detailed Stereo-PIV measurements in the wake
of the micro vane at co-rotating configuration and the evolution of the resulted streamwise
vortex was revealed. A similar study on the vortex in the wake of a single vane was also
reported by Velte et al. (2008).
Devices that produce counter-rotating vortices have been studied in various
investigations, among which Ashill et al. (2001) compared the micro ramps and the
counter-rotating vanes experimentally at low speed. The counter-rotating vanes were
observed to obtain stronger vortices at the immediate downstream. Similar works in the
supersonic regime can be found in the studies of Lee et al. (2010, 2011b).

2.1.4 MVG geometries
Within the framework of using MVGs to perform flow control, various geometries
have been addressed in literature. The two most commonly used types in both low speed
and high speed are the micro ramp and counter-rotating micro vane. As shown in figure
2.5, the geometry of both devices is determined by the height (h), chord length (c), and
half span angle (α). The width (w) can be determined through w=2c·
tan(α). The counter18
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rotating micro vane shown in figure 2.5(b) has a rectangular shape when observed from
the side, but it may also be triangular (Holden & Babinsky 2007) or trapezoidal (Lin et al.
1994). Since the counter-rotating micro vane is comprised of two vane pieces, it is
possible to separate them by a certain distance, called the trailing edge gap (g). When the
trailing edge gap is increased, the lateral distance between the vortex pair becomes larger
and consequently their interaction is reduced. Similarly, the micro ramp can be
intentionally split into two parts creating a clearance in the center, which is named the
split micro ramp (Lee & Loth 2009). Combining the features of a micro ramp and a micro
vane leads to a device called ramped vane (Lee & Loth 2012), which is physically
stronger and is supposed to sustain larger aerodynamic loads.

(a)

(b)
Figure 2.5 Two common types of MVGs: (a) micro ramp; (b) micro vane.
In order to find an optimal combination of the geometrical parameters of a micro
ramp Anderson et al. (2006) and Hirt & Anderson (2009) performed optimization studies.
In the work of Anderson et al. (2006), geometrical parameters including ramp height (h),
chord length (c), device spacing (s), the number of devices in spanwise direction (n) and
the distance between ramp trailing edge and interaction region of SWBLI (xp) were
considered as inputs. The response parameters were the total pressure jump across the
SWBLI (ΔP/P0) and boundary layer shape factor (H) and the response surface method
(RSM) was used to determine the optimum. However, H is not minimized in the design
space as ΔP/P0 is maximized. In the study of Hirt & Anderson (2009), only h, c and s
were taken as inputs, while the boundary layer thickness (δ) and shape factor (H) were
alternatively chosen as response parameters. The RSM results showed that H can be
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decreased at the cost of δ increase. Therefore, optimization for one parameter is at the
detriment of the other, and trade-off should be taken into consideration.

2.2 MVG in subsonic flow
2.2.1 Multi-element airfoils
The efficiency of MVGs in reducing flow separation occurring on a flap has been
studied by Lin et al. (1994). Wind tunnel experiments were carried out and the
measurements were taken on a single-flap three-element airfoil model (see figure 2.6) at
Ma=0.2 and Rec=5×106, 9×106. The MVGs that were tested were the delta-wing and
trapezoid-wing micro vanes. Both types were installed in counter-rotating and co-rotating
configurations and were placed at three distances from the flap leading edge. The counterrotating trapezoid-wing type MVG was determined 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 at cruise condition thus no additional drag is introduced during this
flight phase.

Figure 2.6 Multi-element airfoil at high lift configuration with trapezoid-vane MVG in
counter-rotating configuration (Lin et al. 1994).
Another study having similar objectives was performed in the AWIATOR program
(aircraft wing advanced technology operations) initiated by Airbus, in which a series of
wind tunnel experiments and flight tests were performed (Bohannon 2006). The first wind
tunnel experiment was carried out at Reynolds number of Re=2.2×106. Two arrangements
of MVG featuring micro ramp were used and the lift coefficient was increased by 2% for
a flap deflection of 35°. Additional tests were performed at a higher Reynolds number of
Re=6.6×106, 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 test flight aircraft.
It was demonstrated that at full-aircraft scale MVGs can improve the low speed
performance by reducing flow separation on the flap.
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2.2.2 Control of boundary layer separation
Apart from the works that directly discuss engineering applications, more
fundamental studies on separation control have also been carried out to understand the
fluid mechanical principles behind MVGs.
An exploratory study performed by Rao & Kariya (1988) compared the flow
produced by several types of MVGs including the micro vane VG (h/δ≈1), semi-circular
rod (h/δ=0.35, 0.56) and concave slat (h/δ=0.56) in both co-rotating and counter-rotating
configurations. These devices were installed on a flat plate in a free stream flow of 12 m/s
and a boundary layer thickness of δ=22.9 mm. A nearly two-dimensional separation zone
on the flat plate was established by an outward 20°deflection angle of the top wall, see
figure 2.7(a) for the setup. The flow field was evaluated by measuring the static pressure
recovery across the separation zone and the total pressure loss for each device. The effects
of device height, spacing (s=0, 1, 2h) and sweep angle (α=60°, 70°) were tested. Finally,
the results showed that the MVG has the potential of exceeding the performance of a
conventional VG.

(a)
(b)
Figure 2.7 Experimental setups for baseline separation control by MVGs: (a) separation
established by deflecting wind tunnel roof (Rao & Kariya 1988), (b) separation
established on the backward facing ramp (Lin 2002), the arrow points to the MVG device.
Studies on separation control were also carried out by Lin et al. (1989, 1991, 1994).
The experiments were performed in a shear flow wind tunnel with a free stream velocity
of 40±0.16 m/s and boundary layer thickness of 32.5±0.6 mm. Instead of adjusting the
wind tunnel top wall, the separation was established by a backward facing ramp, see
figure 2.7(b). Three types of MVG were installed: micro vane (h/δ=0.2, 0.8), Wheeler
doublet MVG (h/δ=0.09, 0.1, 0.12, 0.4) and wishbone MVG (h/δ=0.08, 0.12, 0.4).
Additionally also the effects from upstream position with respect to the separation
location (xp) and the device spacing (s) were investigated. The flow fields were eventually
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evaluated by measuring the static pressure recovery along the wind tunnel centerline in
combination with surface oil flow visualization. These experiments confirmed the
effectiveness of MVG for separation reduction.
Ashill et al. (2001) also performed a separation control experiment where the
separation was introduced by placing a bump in the test section. The turbulent boundary
layer tunnel was used with a 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 a gap g=1h) were tested. All the devices had the same height of
h=10 mm, resulting in a height ratio of h/δ=0.25. Laser Doppler anemometry (LDA) was
used to perform velocity measurement in streamwise and lateral planes. The velocity
fields revealed a significant reduction of the separation region at the rear of the bump for
all three devices, furthermore it was found that the split micro vane yielded the best results.

2.2.3 MVG wake properties
Studies on MVGs in the subsonic regime have also been carried out without the
presence of flow separation, which then allows for the investigation of the streamwise
evolution of its wake without interference by an adverse pressure gradient. Among the
various flow quantities, the peak streamwise vorticity (ωmax) and the vortex induced
circulation (Γ) are chosen for assessment by most authors, since large magnitudes of ωmax
and Γ are beneficial for flow control. The vortex trajectories are also studied and a lower
vortex is considered beneficial for manipulating the boundary layer. Additionally, the
effects of MVG height (h) and span angle (α) on vortex intensity have been investigated,
allowing an optimal design of the MVG geometry.
The flow field around a trapezoid-vane MVG (h=1 mm) on the flap of a threeelement wing was measured by Lin (1999) in a 0.6×0.9 m2 low speed wind tunnel for a
free stream velocity of about 43 m/s. By using LDA, the flow cross-sections at five
downstream positions within 30.3~73.3% flap chord length were measured, and the
streamwise vortex pair was clearly visualized. This was perhaps the first time that the
time-averaged vortex structure was quantitatively measured in downstream cross-sections.
An exponential decay of the vortex intensity in terms of both peak vorticity and
circulation was found. The trajectories of the vortex pair revealed that when moving
downstream, the distance between the cores of both streamwise vortices increases after an
initial necking motion immediately downstream of MVG.
Another detailed experimental study on the flow field of a single rectangular vanetype MVG developing on a flat plate was performed by Yao et al. (2009). This is perhaps
the first PIV measurement on the MVG wake. The wind tunnel free stream speed was 34
m/s and the boundary layer on the flat plate had a thickness of approximately δ=35 mm. In
addition to the rectangular vane-type MVG (h=7 mm, h/δ=0.2), a larger conventional
rectangular vane-type VG (h=35 mm, h/δ=1.0) was measured for comparison. The
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measurements were also performed in lateral flow cross-sections but for a longer
streamwise extent, which ranged within x=6.78~1397 mm, allowing to study the vortex
decay over a larger distance, see figure 2.8. The decay of circulation was also revealed to
have similar decay behaviour as the peak vorticity. Moreover, the MVG devices are able
to produce stronger circulation.

Figure 2.8 Downstream evolution of the circulation produced by vane-type MVG and VG
at different span angles (adapted from Yao et al. 2009).
The effect of the device span angle (α) was studied as well by placing MVGs at
angles of α=10°, 16°, 23°respectively. The MVG at α=23°was found to generate the
strongest vortex, suggesting that a larger span angle is beneficial for stronger circulation
generation. A similar result was later reproduced by Allan et al. (2002) using CFD, where
only two micro vane span angles of α=10°, 23°were simulated.
Ashill et al. (2001) conducted fundamental studies on MVG flows that developed
over a flat plate without pressure gradient using LDA. In the study, various types of MVG
were tested including the micro ramp (in both forward and reverse configurations), the
micro vane (with and without split), the co-rotating micro vane and the shortened and
elongated micro vane. For the forward micro ramp, three heights of h/δ=0.08, 0.25, 0.5
were tested, whereas split distances of g=1h, 2h were selected for the split micro vane.
Concerning the numerous devices considered, a quantity of device Reynolds number was
defined through
𝑢𝜏 ℎ
ℎ+ =
(2.1)
𝜐
By plotting the non-dimensional circulation at x/h=5 (Γ5) against the device Reynolds
number h+, distinctive correlations between circulation Γ5 and h+ were found for each
MVG type. Dependence of non-dimensional circulation on the device Reynolds number
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can be found and the joint micro vane (g=0) produced the strongest circulation. Further
introduction of the device effective height (heff) collapses the scattered correlations, see
figure 2.9. This conclusion is rather helpful and can be used in future circulation
prediction. Note that the device effective height heff is not a physical dimension and is
determined by selection ensuring that the maximum non-dimensional circulation based on
heff equals to the chosen reference, which is the circulation of forward micro ramp in that
study. This length scaling of heff was also adopted by the follow-up researchers (Nolan &
Babinsky 2011, Lee et al. 2011a).

Figure 2.9 Correlation of non-dimensional vortex circulation at x/h=5 and the MVG
device Reynolds number based on MVG effective height (from Nolan & Babinsky 2011,
based on Ashill et al. 2001).
A second LDA study of Ashill et al. (2002) investigated the flow field from micro
ramp, micro vane and split micro vane with a height ratio of h/𝛿=0.5 under identical
experimental condition as their previous work (Ashill et al. 2001). The streamwise vortex
evolution was investigated in a region ranging x/h=0.5~50, see figure 2.10. A slower
decay was measured for the split micro vane due to the weaker interaction between both
streamwise vortices. The joint micro vane was able to produce the strongest circulation
immediately downstream of the device, however it also exhibited the most rapid decay
rate. The split distance affected the circulation generation slightly for the split devices,
because the circulation only decreased slightly when the split distance increased from
g=1h to 2h.
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Figure 2.10 Evolution of the non-dimensional vortex circulation of a joint micro vane
(counter-rotating) and a split micro vane (counter-rotating) with split distance of g=1h, 2h
(Ashill et al. 2002).

2.3 MVG control for SWBLI
2.3.1 Overview
The occurrence of shock wave boundary layer interaction (SWBLI) is a well-known
phenomenon in supersonic flows and due to its unwanted detrimental effects such as flow
separation, unsteady heat and pressure loads. It has been investigated in great detail over
the past decades (Delery 1985, Delery & Dussauge 2009, Dolling 2011). The use of MVG
to reduce flow separation that is caused by SWBLI was reported as early as one decade
ago by Holmes et al. (1987). In that study, the shock induced separation region that
occurred on the forebody of a Gulfstream III fuselage at high cruise Mach number of
Ma=0.85 was considered as the source of the low frequency canopy noise or "Mach
rumble". An array of vane-type MVGs with height of 1/8 boundary layer thickness was
then installed in front of the separation region. Flight acoustic measurement later showed
a substantial cabin noise reduction of about 5dB.
A three-dimensional flow visualization of SWBLI caused by an incident oblique
shock wave is shown in figure 2.11. Interaction between the incident shock wave and
boundary layer takes place at the incidence point. A pressure jump occurs across the
shock and when the adverse pressure gradient becomes sufficiently large, flow separation
may take place causing unwanted unsteady effects. Therefore, to mitigate separation a
MVG is adopted as a novel alternative to active control actuators having the advantage of
being less complex and easier to implement. Some recent applications of MVG for
SWBLI control can be seen in the external compression low boom inlet (Rybalko et al.
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2009, Vyas et al. 2011, Hirt et al. 2009) and the mixed compression inlet at a higher Mach
number of Ma=3.0 (Atkinson 2007, Galbraith et al. 2010).

Figure 2.11 Visualization of incident shock wave turbulent boundary layer interaction as
obtained from DNS computation (Pirozzoli & Grasso 2006).
Although there are several types of SWBLI, MVG control for SWBLI initiated by
an incident oblique shock, normal shock wave and compression ramp has received most
research interests. Therefore, researches performed on MVG control for these three types
are the focus of this section.

2.3.2 Incident shock wave boundary layer interaction
The incident shock wave boundary layer interaction (ISWBLI) has been extensively
investigated by Dussauge et al. (2006). The incident oblique shock wave and the reflected
shock wave are among the most significant flow structures. The interaction region exists
in the place between the two shock feet. According to whether there is flow separation in
the interaction region, ISWBLI can be classified into an unseparated case and a separated
case. Apart from the difference in the occurrence of a separation bubble, in the latter case
a reattached shock wave is formed immediately downstream of the separation bubble, see
figure 2.12.
The separated case of ISWBLI has been widely adopted to test the effects of MVGs
by various researchers. Babinsky et al. (2009) performed an experimental study, which
later became the datum for the subsequent numerical studies. The experiment was carried
out in the supersonic wind tunnel operating at Ma=2.5. The boundary layer (δ≈6 mm) that
developed over the wind tunnel floor was used to interact with the shock wave system and
the incident shock wave was generated by a 7°wedge. Two geometrical similar micro
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ramps with heights of 3 mm and 6 mm (h/δ=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 and surface static pressure variation across the interaction
region. Velocity profiles were also measured by LDA at various streamwise and spanwise
positions such that the flow recovery and three dimensional effects could be evaluated.

Figure 2.12 Schematic of the features of incident shock wave boundary layer interaction
with separation (from Humble 2009, based on Delery & Dussauge 2009).
The experimental setup of Babinsky et al. (2009) was later simulated by Galbraith et
al. (2009) using RANS, where the micro ramps with height of 3 mm were arranged in
single and staggered rows. The flow topology in the separated interaction region was
discussed in detail. The separation region appeared to be modulated in spanwise direction
containing several individual "owl-face" separation bubbles. Another RANS study using
immersed boundary treatment was carried out by Ghosh et al. (2010) following the
Cambridge experiment, the micro ramps were simulated only in single row configuration.
The visualization of separation region qualitatively confirmed the experiment and the
numerical results of Galbraith et al. (2009).
Lee & Loth (2009) employed ILES to investigate MVG effects on ISWBLI at a
slightly higher Mach number of Ma=3.0, whereas the incident shock wave was generated
by an 8°wedge. Various types of MVG were simulated in this study. Investigation in the
cross flow planes allowed to quantify the decay of streamwise vortex intensity. Among
the simulated devices, the peak vorticity of the ramped vane had the maximum intensity
and slowest decay, which confirms the conclusion of Ashill et al. (2002). The best
performance in terms of separation reduction is also yielded by this device.
Another experimental study was carried out by Blinde et al. (2009) at Ma=1.84 in
the supersonic wind tunnel TST-27 in the Delft University of Technology. Stereo-PIV
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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
detail in two planes parallel to the wall, see figure 2.13 for the time-averaged streamwise
velocity distributions in the interaction region. From statistical analysis it was found that
the separation probability had decreased in the position downstream of the micro ramp
trailing edge with respect to the configuration without MVGs, whereas increased
probability was resulted in the remaining regions. For these observations it could be
concluded that there is a strong three dimensional effect in separation control.

Figure 2.13 Contours of normalized mean streamwise velocity (U/U∞) in the wall parallel
plane showing effects of micro ramp arrays on ISWBLI: (a) uncontrolled; (b) single row
of micro ramps; (c) staggered rows of micro ramps (Blinde et al. 2009).

2.3.3 Normal shock wave boundary layer interaction
Normal shock wave boundary layer interaction (NSWBLI) generally happens at the
entrance of a supersonic diffuser and may also take place on an airfoil at transonic speed
(typically when Ma>0.7). A typical NSWBLI is represented schematically in figure 2.14.
The normal shock wave features a λ-pattern shock wave system at its root. The front leg is
located at the beginning of the separation region and the rear leg at the end. A slip line is
formed at the intersection of the front and rear legs.
The aerodynamic group at the University of Cambridge has carried out a series of
studies on the application of MVGs for NSWBLI control. Holden & Babinsky (2007)
performed experiments at Ma=1.5, where the normal shock wave was produced by
adjusting a second throat downstream the test section. The turbulent boundary layer that
naturally develops over the tunnel floor was used to interact with normal shock wave and
had a thickness of about 5.7 mm. A micro vane with height of 1.25 mm (h/δ=0.22) and a
micro ramp with a height of 2 mm (h/δ=0.35) were tested. The normal shock wave was
located 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 MVG. The
micro vane was finally considered to be the most effective in separation reduction and to
have the least wave drag among those tested.
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Slip line

Figure 2.14 Schematic of the features of normal shock wave boundary layer interaction
(Humble 2009).
Another study by Babinsky et al. (2007) investigated the effect of micro vanes for a
NSWBLI at Ma=1.3 and 1.5. In addition to shock induced separation, also flow separation
at a 6°expansion corner, replicating a supersonic diffuser, was studied. Two normal shock
wave positions were tested by adjusting the supply and exhaust pressures. The micro vane
was the same as that used in the previous study of Holden & Babinsky (2007), thus the
height ratio h/δ is 0.18 and 0.21 for Ma=1.3 case and Ma=1.5 case, respectively. The
extent of the separation region was monitored using oil flow visualization.
In the follow-up study of Titchener & Babinsky (2011), a shock holder was added
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 novel ramped micro vane with the
same height of h=2 mm (h/δ=0.38) were installed at four distances upstream of the shock
wave, namely xp=3.33, 63, 93 mm. According to the pressure measurement and the oil
flow visualization, separation reduction was achieved at the cost of increase of threedimensionality and larger degree of flow asymmetry. Using the same experimental setup,
the ramped vane with h=2, 3, 4 mm (h/δ=0.38, 0.57, 0.76) and the split micro ramp with
h=3, 4 mm (h/δ=0.57, 0.76) were investigated by Rybalko et al. (2012). The MVG arrays
were placed at four distances from the diffuser entrance, namely 80, 133, 187 mm. An
optimum was obtained for the largest ramped micro vane (h/δ=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 similar supersonic diffuser geometry having a 5°expansion angle was simulated
by Lee et al. (2011b) and Lee & Loth (2012) using ILES. A normal shock wave was
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located immediately upstream of the diffuser entrance and the free stream Mach number
was Ma=1.3. Three types of MVGs were simulated: micro ramp, split micro ramp and
ramped vane. A wide range of parameters including device height, width and split
distance was considered. In the study of Lee et al. (2011b) the performance of the 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
distance 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 MVG is shown in figure 2.15. In the work of Lee & Loth (2012),
focus was placed on revealing the mean and instantaneous flow structure as well as the
turbulence properties in the wake of the ramped vane.

Figure 2.15 Contours of instantaneous streamwise velocity at y+=1 in the MVG control of
NSWBLI: (a) uncontrolled; (b) micro ramp; (c) ramped vane (Lee et al. 2011b).
Herges et al. (2010a) used PIV to study the flow past a micro ramp to control a
NSWBLI. The micro ramp (h/δ=0.36) was installed upstream of NSWBLI in a Ma=1.3
free stream flow. Five spanwise planes were measured which allowed to investigate the
three dimensionality of the flow field. The field of views (FOVs) covered a wide
streamwise range, which extended across the interaction region. Development of the
velocity components and the turbulent quantities, such as 〈𝑢′〉, 〈𝑣′〉 and Reynolds shear
stress ̅̅̅̅̅
𝑢′𝑣′ were evaluated across the interaction region. By interpolating the flow
quantities between the five measurement planes, the flow structure in lateral cross sections
was studied. The momentum deficit containing low speed flow and its upward motion
were both measured. The boundary layer shape factor (H) was studied as well and a
smaller H was measured directly downstream of the micro ramp trailing edge, whereas a
larger H was found away from the center. A further experimental investigation was
performed by Herges et al. (2010b) to study the effect of MVGs on the stability of the
shock wave. The same experimental setup as in Herges et al. (2010a) was used, however a
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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 of the diffuser entrance.

2.3.4 Compression ramp interaction
The compression ramp interaction is the third shock wave boundary layer interaction
type that is usually encountered in supersonic aerodynamics. A schematic overview of the
flow field is shown in figure 2.16. A strong adverse pressure gradient is created by the
downstream flow deflection and associated oblique shock wave. When the oblique shock
wave is strong enough, a separation bubble is formed over the ramp junction. In that case
an oblique shock wave is formed at the beginning of the separated region and a second
shock wave is formed at the point where boundary layer reattaches.

Figure 2.16 Schematic of the flow over a compression ramp (Verma et al. 2012).
In the work of Li & Liu (2010a, 2011c) the effect of MVGs on flow separation
induced by a 24°ramp was investigated using implicit large eddy simulation (ILES, see
figure 2.17(a)). The interaction region at the ramp corner was heavily distorted by the
micro ramp wake as shown by the surface streamlines in figure 2.17(b). An additional
vortex train in the center cross-flow plane, which was later understood as the product of
Kelvin-Helmholtz (K-H) instability, was revealed. More details on the occurrence of K-H
vortices will be discussed in the next section. As this type of vortex survived after the
shock wave, it was considered as a new mechanism of SWBLI control (Li et al. 2011b).
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Figure 2.17 ILES simulation of micro ramp control of SWBLI at a 24°compression ramp:
(a) numerical Schlieren; (b) surface streamlines in the interaction region (Li & Liu 2010a).
The effect of the micro ramp on the flow unsteadiness in the separation region of
compression ramp interaction was investigated experimentally by Verma et al. (2012). A
close correlation between the pressure fluctuation and the spacing between neighbouring
micro ramps was detected. It was thus concluded that a smaller spacing can stabilize the
pressure fluctuation in the separation region.

2.4 Wake induced by MVGs
In addition to the studies that were discussed in the previous section, there have also
been a number of works dedicated to the study of MVGs in a supersonic flow without the
presence of SWBLI. These studies were carried out in order to provide more insight into
the mean and instantaneous flow features in the wake.

2.4.1 Mean flow structure
Babinsky et al. (2009) studied the wake resulting from a single micro ramp with
height of h=2, 3, 4, 6 mm at Ma=2.5. According to the surface flow pattern obtained by
oil flow visualization and LDA measurement, a flow model containing a pair of primary
vortices and multiple secondary vortices was established (see figure 2.18). However, only
the primary vortex pair and the secondary vortex pair originating from the junction of
micro ramp trailing edge and wall are confirmed by other experimental and numerical
studies. LDA measurements were conducted at three downstream cross-sections, namely
x=129, 159, 189 mm downstream the micro ramp. The deficit region having a low
streamwise velocity was revealed to have a circular shape. More importantly, regions
containing higher velocity magnitudes close to the wall were measured as well and they
extended almost over the entire micro ramp span except for the center part. Although the
paths of maximum velocity deficit differ for various sizes of micro ramps, they follow a
general trajectory when scaled with the micro ramp height. This type of spatial scaling
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was later adopted in the analysis of MVG wake by other authors and is also used in the
present thesis.

Figure 2.18 Mean vortical organization of primary and secondary vortices in the micro
ramp wake (Babinsky et al. 2009).
The effect of Mach number on the flow past micro ramps was studied by Lee et al.
(2011a) using ILES, where three Mach numbers of 1.4, 2.2 and 3.0 were tested. The
overall wake flow topology was found not to vary considerably with the Mach number,
however both the vorticity intensity and turbulent quantities did show some variations.
For larger Mach numbers, the micro ramp produced a slightly lower vorticity immediately
downstream of its trailing edge but the vortex decay was slower. Further downstream,
beyond 30 ramp heights, the peak vorticity intensity from all the devices approached
approximately the same magnitude. The turbulent kinetic energy was also compared and
the largest value was found in the Ma=1.4 flow. Furthermore, the wake was situated
slightly higher compared to the higher Mach numbers.
Finally, in the ILES study of Li & Liu (2010b) the effect of the trailing edge was
studied for 45°and 70°angles. It was concluded that the flow structure was similar for
both cases, however, a slightly lower wake position was found for the 70o case.

2.4.2 Instantaneous flow structure
The instantaneous flow is significantly different from the mean flow. Blinde et al.
(2009) used PIV to measure the instantaneous flow in cross-sections parallel with the wall.
Counter rotating vortices were found along the edges of the micro ramp wake and
appeared in pair. These vortices are oriented vertically and are different from the
streamwise vortices. By relating the current micro ramp wake with the well-understood
flow past a hemispherical roughness element (Tufo et al. 1999), the vertically oriented
vortices were later interpreted as cross-sections of larger coherent three-dimensional
vortices. Eventually a conceptual hairpin vortex model was formed, see figure 2.19.
Following this work, additional effort will be devoted to studying the instantaneous flow.
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Figure 2.19 Conceptual hairpin model in the micro ramp wake (Blinde et al. 2009).

Figure 2.20 Visualization of vortex rings through the iso-surface of λ2 (Li & Liu 2010b).
The CFD group in University of Texas at Arlington carried out a series of numerical
studies on the instantaneous micro ramp flow by means of ILES with high-order scheme,
i.e. 5th-order WENO scheme, which is efficient in resolving detailed flow structures. A
train of ring vortex was visualized using λ2-criterion, see figure 2.20. This vortical
structure was later explained as a product of the Kelvin-Helmholtz (K-H) instability,
which originated from the shear layer enveloping the micro ramp wake (Yan et al. 2011,
2012a, 2012b). Theoretical proof was given (Yan et al. 2011) through stability analysis
using a simplified one-dimensional model. However, analysis using three-dimensional
model is needed as the three-dimensional effects is not negligible in the real flow.
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Figure 2.21 Laser smoke visualization of the Kelvin-Helmholtz instability in the micro
ramp wake (Lu et al. 2010a).
Furthermore, the K-H instability was demonstrated experimentally by Lu et al.
(2010b) using local laser smoke visualization, where the same Mach number and identical
micro ramp geometry were tested as in the study of Li & Liu (2010a). Intermittent large
scale coherent roller structures were clearly visualized at the interface between the wake
and free stream, see figure 2.21.
Focus was also placed on the flow topology close to the micro ramp trailing edge
(Lu et al. 2010a, Li et al. 2011a). A pair of spiral foci points was revealed in that region
and they were considered to give rise to the local vortical structure at an even smaller
scale.

2.4.3 Kelvin-Helmholtz instability
Since the Kelvin-Helmholtz instability is going to receive research focus in the
present thesis, it is necessary to introduce this phenomenon at this point. The K-H
instability can occur when there is velocity shear. It is featured with intermittent roller-like
vortices, see figure 2.22. The generation of K-H instability can be explained in a
simplified model of two dimensional shear layer with sharp difference, see figure 2.23.
Vorticity is uniform in the layer while it is equal to zero outside this layer. Thus the shear
layer appears as a vortex sheet (figure 2.23(a)). Once an external perturbation (e.g.
pressure perturbation) acts on the shear layer, oscillation of the vortex sheet may be
initiated (figure 2.23(b)). Since the pressure in concavity is higher than pressure in
convexity, the oscillation amplitude grows up (figure 2.23(c)). The upper part of the
vortex sheet is carried by upper flow, while the lower part is carried by the lower flow. A
tautening of the vortex sheet then occurs (figure 2.23(d)), which leads to the roll up of the
interface (figure 2.23(e)) and eventually forms the roller-like vortex.
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Figure 2.22 The K-H instability in a mixing layer (Brown & Roshko 1974).

Figure 2.23 Evolution of shear interface (source: http://hmf.enseeiht.fr).

2.5 Conclusion
2.5.1 Thesis focus
The present thesis is primarily focused on the flow organization in the wake
produced by an MVG that is immersed in a supersonic boundary. Knowledge of the MVG
wake is necessary to optimize the device in alleviating the unfavourable effects resulted
from SWBLI. In the current stage, SWBLI is not introduced in the thesis such that the
aerodynamic properties of the MVG wake and its streamwise evolution can be studied
without the interference from factors such as adverse pressure gradients and flow
discontinuities.
According to the literature reviewed in the previous sections, the time-averaged
MVG wake has been investigated extensively and is currently well understood. In contrast,
the study of the instantaneous wake has started only recently due to experimental
limitations and computational capabilities. Therefore, the instantaneous flow organization
was only partially resolved and conclusions were drawn based on analogy with flows
having similar characteristics (Blinde et al. 2009). These limitations lead to different
interpretations of the instantaneous vortical structure in the MVG wake, see figure 2.24.
For example, an imaginary hairpin model was proposed by Blinde et al. (2009), whereas a
ring vortex model was introduced by Li & Liu (2010a). Although the head portions of
these two vortex models are similar, their lower parts conflict: the leg portions of the
hairpin model become parallel with the wall, while in the ring vortex model they tend to
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connect in the lower part of the wake and eventually form a full ring. In order to address
this disagreement between the two models, the instantaneous flow structure and the
vortical organization will be discussed in detail in the present thesis and a vortical model
will be proposed based on three dimensional measurements and numerical simulations.

(a)

Head portion

(b)

Leg portion:
extend upstream

Head portion

Leg portion:
connect in the bottom side

Figure 2.24 Comparison of the hairpin vortex model (a) and the ring vortex model (b).
The arrows indicate the enforced motions of the local flow.
The K-H instability phenomenon was revealed in the micro ramp wake through laser
smoke visualization (Lu et al. 2010a), however quantitative result, such as the wavelength of the intermittent K-H vortex, was not available. The evolution of K-H instability
and its interaction with the streamwise vortex thus become another topic of the present
thesis.
In the literature, the accuracy of RANS in solving the flow past MVGs has been
evaluated by Galbraith et al. (2009) and Ghosh et al. (2010) showing that the RANS
approach did not incorporate the necessary unsteady flow physics. The ILES technique
was recently employed with the advantage of resolving transient turbulent flow structures
(Lee & Loth 2009). However, the accuracy of ILES was only validated for a limited
number of flow quantities (i.e. boundary layer profile). A more systematic evaluation is
needed to understand both the strength and weakness of this technique, which will be
beneficial for future algorithm improvement. In order to achieve this, the ILES results
(Chapter 6) will be compared with the Tomo-PIV measurement (Chapter 4) which allows
for more thorough comparison of the flow quantities such as velocity magnitude and
vorticity (among others).

2.5.2 Micro ramp and flow condition
The micro ramp is chosen as the MVG device in this thesis. This is based on two
reasons. On one hand, the micro ramp offers good separation reduction ability in SWBLI
control with a minimal increase in drag. A thorough understanding of the micro ramp flow
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is beneficial for future study in SWBLI control. On the other hand, the wake of the micro
ramp has been extensively explored and documented such that abundant data is available
for comparison.
Two micro ramps with heights of 3 mm and 4 mm are investigated. They are
installed in a Mach 2.0 supersonic turbulent boundary layer having a thickness of 5.2 mm.
The height ratio h/δ for both devices is then 0.58 and 0.77 respectively. According to
figure 2.25, where the combinations of Mach number and height ratio in the literature are
summarized, most studies have been conducted at Mach numbers ranging from 1.3 to 3.0.
However fewer studies were conducted in the regime close to Ma=2.0. The present
experiments will be performed at Ma=2.0 and are expected to contribute data at a flow
condition that has not been previously documented. The height ratio is chosen to be
relatively large such that the control effect from the micro ramp is more evident.

Figure 2.25 Combinations of Mach number and the height ratio in the literature.

2.5.3 Measurement and simulation techniques
Tomographic PIV (Tomo-PIV) is a recent extension of the PIV technique (Elsinga
et al. 2006). It is able to measure all the three velocity components within a volume. This
technique is considered suitable to quantify the three-dimensional instantaneous flow
organization of the MVG wake, which is not possible for stereoscopic and planar PIV.
Planar PIV is chosen to investigate the flow evolution in the center plane of the
micro ramp wake. A camera with large format CCD (16 mega pixel) will be used so that a
longer streamwise extent can be recorded, which eliminates the need to stitch images
acquired from smaller sized CCD cameras.
ILES is employed to overcome certain limitations of the PIV technique. Due to the
limited power budget of the laser, the measurement volume for Tomo-PIV cannot be too
thick, typically 1~2cm. This thickness fits the near wake structure, but because of flow
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expansion, the downstream structure can only be partially visualized within the volume.
As a result, the ILES technique has the advantage of visualizing the whole evolution of
the wake structure.
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Experimental techniques & Arrangements
The present chapter is dedicated to the description of the wind tunnel and the
measurement techniques that are used. The fundamentals of planar and tomographic PIV
techniques are introduced and the various experimental setups are described. Uncertainty
analysis associated with the PIV measurements is discussed followed by the data
reduction technique at the end.

3.1 Supersonic wind tunnel ST-15
All the experiments were performed in the supersonic wind tunnel ST-15 (see figure
3.1) in the High Speed Laboratory of Delft University of Technology. In the wind tunnel,
tests can be performed at Mach numbers 1.5, 2.0, 2.5 and 3.0 by using various nozzle
geometries. The air that is used to drive the tunnel is dried and stored in a 300 m3
reservoir at 40 bar. For a fully charged tank, the total run time of ST-15 is approximately
18 minutes at Mach 2.0.
The wind tunnel is comprised of four major parts, namely the settling chamber,
nozzle, test section, and adjustable diffuser. The settling chamber straightens the incoming
flow through two layers of wire mesh screens and reduces the flow turbulence level.
There are multiple access ports in the settling chamber and the air feed tube that allow to
introduce seeding particles in the flow when performing PIV measurements. Either
globally or locally seeded flow can be achieved by choosing different positions. The
present seeding probe installation is elaborated in the section on particles.
The test section having a size of 15×15 cm2 is located immediately downstream of
the divergent part of the Laval nozzle. In both sides of the test section, glass windows can
be fitted for optical access in order to perform Schlieren visualization or particle image
velocimetry. Downstream of the test section two flanges have been installed to house a
periscope probe (Donker Duyvis 2005) either vertically or horizontally (see figure 3.2) in
order to provide laser light illumination when performing PIV measurements.
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Nozzle &
Test Section

Settling chamber

Adjustable
diffuser

Flow direction
Flange to mount
probe vertically

Figure 3.1 Supersonic wind tunnel ST-15.Top: schematic; Bottom left: a view of ST-15;
Bottom right: the Mach 2.0 nozzle and the test section.
direction

(a)

Flow direction

(b)

Flange to mount
probe vertically

direction

Flange on the side

Flange on the bottom
Test section

Figure 3.2 Flanges that allow the installation of the periscope laser probe: (a) flange in the
side of the wind tunnel to mount laser probe horizontally; (b) flange in the bottom of the
wind tunnel to mount laser probe vertically (viewing from below).
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3.2 Particle image velocimetry
3.2.1 Basic principles of PIV
PIV is a nonintrusive optical velocimetry technique that is able to measure the
instantaneous velocity field either in a plane or a volume. A standard PIV system consists
of a double-pulse laser, a camera, particle seeding generator and delivery system and
signal synchronizer. During a PIV experiment, the flow is seeded by tracer particles. Once
entering the test section, the tracer particles will be illuminated by laser light and
consequently scatter light, which is recorded by the (CCD) camera. In order to record two
consecutive particle images with predefined time separation (Δt), the trigger signals for
both the laser and camera should be precisely synchronized. The velocity is eventually
determined by measuring the displacement of the particles in the two consecutively
exposed frames. A schematic of a standard PIV experimental arrangement is shown in
figure 3.3. The following sections will discuss each components of the PIV system in
detail.

Figure 3.3A standard PIV system arrangement in an experiment (Raffel et al. 2007).

3.2.2 Tracer particle
An ideal tracer particle is expected to follow the flow with sufficient fidelity as well
as scatter sufficient light such that it can be imaged by the camera. In Melling (1997) the
full equation of particle motion in air is discussed. Since the particle density is much
larger than that of air a relatively simple expression is resulted relating the instantaneous
relative velocity (up-uf) to the instantaneous velocity of particle up:
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𝑑𝑢𝑝 𝑢𝑝 − 𝑢𝑓
=
𝑑𝑡
𝜏𝑝

(3.1)

where up and uf are the instantaneous velocity of particle and flow respectively and τp is
the particle relaxation time (characteristic time lag). Note that in eq.(3.1) only the viscous
forces are relevant for acceleration of the particle. The characteristic time lag can be
estimated by (Melling 1997)
𝜏𝑝 =

4 𝜌𝑝 𝑑𝑝2
3 𝐶𝐷 𝑅𝑒𝑑 𝜇𝑓

(3.2)

where CD is the drag coefficient, Red is the Reynolds number based on the particle
diameter and μf is the fluid dynamic viscosity. Note that eq.(3.2) is derived under the
assumption of no shear and centrifugal force.
In the experiments performed in the present thesis, Di-ethyl-hexyl-sebacate (DEHS)
particles were used as particle tracers. These particles have the advantages of being nonpolluting and non-toxic. In figure 3.4, the response of DEHS particles across an oblique
shock wave generated by a 9°wedge at Ma=2.0 as measured in the experiments of Ragni
et al. (2011) is shown. Although the air is instantaneously decelerated across the shock, an
exponential velocity decay is observed for the particles. From the exponential velocity
curve a relaxation time of τp=2 μs was determined for the DEHS particles. The conditions
(free stream Mach number and total pressure) in which Ragni et al. (2011) determined the
relaxation time are the same as in the current experiments.

Figure 3.4 Scatter plot of individual DEHS particle velocity across the shock wave at
Ma=2.0 in the ST-15 (Ragni et al. 2011).
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(a)

(b)

Figure 3.5 DEHS particle generator: (a) PIVpart45 (PIVTEC GmbH website), (b) Sketch
of a Laskin based particle generator (Raffel et al. 2007).

Figure 3.6 Installations of seeding probe: (a) in the air feed tube; (b) in the bottom wall of
the settling chamber.
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The seeding was generated by a PIVpart45 from PIVTECH GmbH (see figure
3.5(a)). It has 45 high precision brass Laskin nozzles and an impactor plate for the
removal of too large particles. The seeding generator operates at an over-pressure of 1 bar
and generates particles with nominal diameter of 1 μm. A sketch of the internal structure
of a typical Laskin based particle generator is shown in figure 3.5(b).
The atomized particles are ejected through a small rake having multiple orifices. In
order to enhance the mixing of particles with the air flow, the probe orifices were set
facing upstream during operation. The probe was installed in the air feed tube (see figure
3.6(a)) in the Tomo-PIV measurement. Due to the strong mixing taking place in the
settling chamber, a uniformly seeded flow was present in the test section. Since the whole
flow is being seeded in this way, the seeding density is relatively low but sufficient for the
Tomo-PIV measurements. In the planar PIV dedicated for the micro ramp far wake, the
seeding probe was installed in the bottom wall of the settling chamber (see figure 3.6(b)),
in this way the flow was seeded locally and a higher seeding density was achieved.

3.2.3 Illumination
Flow illumination in the present PIV experiments is provided by a Spectra-Physics
Quanta Ray double-pulse Nd:Yag laser. It has 400 mJ energy per pulse and a 6 ns pulse
duration at wave-length of 532 nm.

Figure 3.7 Assembly of laser probe design with cut-outs (Donker Duyvis 2005).
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A periscope probe as shown in figure 3.7 (Donker Duyvis 2005) was used to provide
the laser light access into the wind tunnel test section. A combination of cylindrical lenses
is mounted inside the probe to focus the light beam into to a thin light sheet (for planar
PIV) or form a light volume with finite thickness (for Tomo-PIV). A 90°beam-steering
mirror is mounted at the end to deliver the light into the wind tunnel. In practice, the laser
probe produces good results in terms of high light intensity and uniformity, as long as the
protection window and sealing are in good condition. For the current purpose of
illuminating the micro ramp wake, the probe was inserted from the side wall (flange in
figure 3.2(a)) in the Tomo-PIV experiment, while in order to reduce light reflection from
the bottom wall it was inserted from the bottom (flange in figure 3.2(b)) for the planarPIV experiment.

3.2.4 Imaging, cameras and signal synchronization
Imaging
When selecting the objective to be used in the PIV experiments, there are two
important parameters that have to be considered: the f-number (f#) and the magnification
factor M. Both parameters directly influence the depth of focus and the imaged particle
size. The f-number is defined as
𝑓# =

𝑓
𝐷𝑎

(3.3)

where f is the focal length of the lens and Da is the lens aperture diameter.
The magnification is defined as follows:
𝑀=

𝑧0
𝑍0

(3.4)

where Z0 is the distance between the object plane and lens plane and z0 is the distance
between the image plane and the object plane. Moreover, f, Z0 and z0 follow the thin lens
equation
1
1
1
=
+
𝑓 𝑍0 𝑧0

(3.5)

Because a lens of finite aperture size is used in PIV imaging, the particle does not
appear as a point in the image plane, instead it shows up as a diffraction pattern of an Airy
disk or Airy rings. Using the Gaussian distribution as an approximation of the normalized
intensity distribution of the Airy pattern and following the thin lens formula in eq.(3.5),
the diameter of the diffraction pattern ddiff can be estimated by
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𝑑𝑑𝑖𝑓𝑓 = 2.44𝑓# (𝑀 + 1)𝜆

(3.6)

where λ is the wave-length of laser light. However, this estimation is only valid when the
particle is small and the magnification factor M is not very large. Otherwise the influence
of geometric image should be considered, and the minimum particle image diameter dτ
can be estimated through
2
𝑑𝜏 = √(𝑀𝑑𝑝 )2 + 𝑑𝑑𝑖𝑓𝑓

(3.7)

Another very important parameter in particle imaging is the depth of focus δz, which
gives the distance normal to the image plane in which a particle remains in focus. It can be
computed by the following relation:
𝑓# (𝑀 + 1) 2
𝛿𝑧 = 4.88𝜆 [
]
𝑀

(3.8)

As it can be seen from eq. (3.6) and eq. (3.8), the f# is crucial in determining the
particle size and the focal depth. A smaller f# would be desirable because the amount of
light acquired by the camera increases. However, in practice the f# is limited because the
particles become too small and sub-pixels interpolation can no longer be used hence
greatly reducing the accuracy. Furthermore, decreasing the f# also reduces the depth of
focus which may lead to the situation that the images are no longer in focus.
Cameras
The particle images are recorded by CCD cameras. In the current PIV experiments
two types of CCD cameras are used: PCO Sensicam QE (figure 3.8(a)) and LaVision
Imager Pro LX (figure 3.8(b)).

(a)
(b)
Figure 3.8 Cameras used in the experiments of present thesis: (a) PCO Sensicam QE
(from PCO co.); (b) LaVision Imager Pro LX (from LaVision GmbH).
The PCO Sensicam QE camera has a Peltier-cooled CCD senor with 1376×1040
pixels and 12 bit quantization. Each pixel has an area of 6.45×6.45 μm2. The camera can
operate at a maximum recording rate of 10 Hz in full frame and works at a higher imaging
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frequency when pixel binning or cropping is applied. The minimum interframe time
separation can be set down to dt=0.6 μs, which allows for applications in high speed flow.
Three cameras of this type were used in the tomographic PIV experiments that is
discussed in Chapter 4.
The LaVision Imager Pro XL is a CCD camera that has a sensor with 4872×3248
pixels and 10 bit quantization. It is ideal to measure flows with a larger field of view,
therefore this camera is used in the measurement of the micro ramp far wake experiment
that is discussed in Chapter 5.
Signal synchronization
The trigger signals for the camera and laser were synchronized through a
programmable timing unit and the LaVision DAVIS software packages. The PIV
experiments have been conducted in double-pulse and double-frame mode. Two timing
parameters need to be selected: the repetition rate f and the laser pulse time separation Δt.
A typical timing diagram of the camera and laser is shown in figure 3.9.
The maximum repetition rate of the system is determined by the hardware (camera
and laser), for the Tomo-PIV experiments the repetition rate was f=5 Hz and for the planar
PIV experiments the repetition rate was f=1.5 Hz.

Laser

1

0

Δt

ΔT=1/f

Camera

1
0
1A 1B

2A 2B

Figure 3.9 PIV timing diagram for double-pulse double-frame mode.
The determination of the laser pulse time separation Δt is a trade-off. If the Δt is
chosen too long, a large particle displacement will be the result, which may lead to loss of
correlation due to out-of-plane particle movement (for the planar measurements) and
increase velocity shear. However, this does not mean the displacement should be as small
as possible, a particle displacement of approximately 20 pixels is practically desired, in
consideration of cross-correlation uncertainty, which is about 0.1 pixel. It thus needs a
compromised setting for both the time separation Δt and magnification factor M. For the
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present experiments the pulse separation was chosen to be ∆t=0.6 μs for Tomo-PIV
experiment and ∆t=1.0 μs for planar PIV experiment respectively.

3.2.5 Digital particle image analysis
The general procedure of particle image analysis is comprised of dividing the
images into sub-regions and performing correlation techniques within those sub-regions.
The procedure is illustrated in figure 3.10.

Figure 3.10 Illustration of digital PIV image analysis procedure (Raffel et al. 2007).
An example of the digital particle image pair taken in the present planar PIV
experiment is shown in figure 3.11, which visualizes the micro ramp wake in the center
plane. The tracer particles are represented by the light intensities. The seeding density is
relatively uniform in the free stream, whereas slightly lower density is present in the wake
core due to the centrifugal force of the vortical activity, which ejects particles away from
the vortex center.
Exposure 1

Exposure 2

Figure 3.11 Particle images at two consecutive exposures in the center plane of micro
ramp wake, flow is from left to right.
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Interrogation window matrix is divided before carrying out cross-correlation. Its size
is determined according to the estimated particle displacement. If necessary, a topology of
overlapped interrogation windows is used for the purpose of getting more vectors. Define
the concentrations of light intensity within the interrogation window at t and t+∆t as I1(i,j)
and I2(i,j). The cross-correlation is then carried out by shifting I1(i,j) over I2(i,j) with a
finite shift (δx,δy). Products of light intensities of the overlapping pixels are then summed
up through
𝑁
̅
̅
𝐶(𝛿𝑥, 𝛿𝑦) = ∑𝑀
𝑖=0 ∑𝑗=0[𝐼1 (𝑖 + 𝛿𝑥, 𝑗 + 𝛿𝑦) − 𝐼1 ][𝐼2 (𝑖, 𝑗) − 𝐼2 ]

(3.9)

where 𝐼1̅ and 𝐼2̅ are the average intensity concentrations of I1(i,j) and I2(i,j), and M×N is
the pixel size of interrogation window.
The result from the cross-correlation of an interrogation window pair of 64×64
pixels in the free stream is shown in figure 3.12. The peak in the correlation map is then
considered the most probable particle displacement. The ratio between the first and
second largest peaks in the correlation map is defined as the signal to noise ratio (SNR)
which measures the quality of the cross-correlation result. The vector field resulted from
the image pair in figure 3.11 by performing cross-correlation with 64×64 pixel window
and 75% overlap is shown in figure 3.13. By multiplying with the image spatial resolution
achieved from calibration and dividing time separation Δt, the velocity magnitude can be
determined.

Figure 3.12 Cross-correlation map of a 64×64 pixels interrogation window: (a) planar
view with resulted vector; (b) peaks of cross-correlation map.
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Figure 3.13 Vector field recovered from the image pair in figure 3.11. Vectors are
coarsened in streamwise direction by a factor of 4 and are coloured by the magnitude of
normalized streamwise velocity component (u/U∞).

3.2.6 Image pre-processing and vector validation
It is of great importance that image pre-processing and vector validation are
executed before and after the step of vector computation, respectively. Image preprocessing has the purpose of eliminating background illumination and to reduce effects
of random noise. It usually involves subtraction of the time minimum background
intensity. Normalization of particle intensity is achieved by first subtracting the time1

average intensity 𝐼 and then dividing a factor of the time-average intensity 𝐼, namely
𝑛

1

(𝐼 − 𝐼)/ ( 𝐼). Examples of particle images before and after pre-processing are compared
𝑛

in figure 3.14.
Vector validation is targeted to identifying spurious vectors by the universal median
test (Westerweel & Scarano 2005). The outliers are later removed and then replaced by
interpolation from the adjacent interrogation window cells.

(a)
(b)
Figure 3.14 Effects of image pre-processing: (a) raw particle image; (b) image after preprocessing.
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3.3 Tomographic PIV
The tomographic PIV (Tomo-PIV) is a recent development of PIV technique. It is a
3D velocimetry technique based on the principles of optical tomography. The Tomo-PIV
technique is discussed in detail by Elsinga et al. (2006), thus only the major features are
introduced in this section.

3.3.1 Working principle
Different from planar PIV, three to four cameras are usually installed to provide
different viewing directions of the interested flow region. The laser is manipulated into a
volume with a certain thickness instead of a thin sheet as that used in planar PIV. Before
recording the particle images, calibration for each camera is necessary in order to establish
the relation between the two-dimensional image space and the three-dimensional physical
space, through which the particle intensities recorded in the images can be projected into
three dimensional intensity distributions through the reconstruction procedure. Threedimensional vectors in the recorded volume can be finally retrieved by means of
volumetric cross-correlation within the chosen sub-volumes. A schematic of the working
principle of tomographic PIV is summarized in figure 3.15.

Figure 3.15 Schematic of the working principle of tomographic PIV (Elsinga et al. 2006).

3.3.2 Illumination
The illumination in Tomo-PIV can be provided by the lasers used in most planar
PIV experiments, however the laser beam needs to be shaped into a thick sheet with sharp
edge. The thickness is mostly limited by the available laser power, as the recorded particle
intensity becomes lower by increasing the thickness of laser sheet, which eventually
reduces the signal to noise ratio. On the other hand, a volume with larger depth naturally
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contains more particles, which decreases the accuracy of the three-dimensional
reconstruction. According to parametric study of Elsinga et al. (2006), particle density
described by the value in particle per pixel (ppp) is especially critical to the three-camera
system as shown in figure 3.16, and a value of 0.05 ppp was suggested. In order to
overcome the limitation on laser power in Tomo-PIV measurement, a multi-pass light
amplification method using the light reflections between two mirrors was proposed
(Ghaemi et al. 2010). An amplification factor of 7 in light intensity scattered by the
illuminated particles was achieved in comparison to the single pass configuration.

Figure 3.16 Effects of particle density and number of cameras on the reconstruction
quality in Tomo-PIV (Elsinga et al. 2006).

3.3.3 Imaging and calibration
The imaging of Tomo-PIV technique requires minimum two cameras with different
viewing angles. The camera-lens tilter is necessary to guarantee the intersection of the
imaging plane, lens plane and subject plane, namely the Scheimflug principle, such that
the interested volume can be sharply focused. The effects of the number of cameras on the
reconstruction quality Q was studied by Elsinga et al. (2006) under different particle
densities, which is also revealed in figure 3.16. In the condition of the suggested particle
density of 0.05 ppp, the reconstruction quality only slightly improved by increasing the
camera number from 4 to 5. In contrast, it is improved by a factor of 2 by increasing
camera number from 2 to 3. As a result, the three- and four-camera systems are practically
used in Tomo-PIV practices in consideration of the balance between achieved
measurement quality and equipment cost.
The calibration procedure is important as it establishes the triangulation relation
between the individual pixels in the digital images (x, y) and the three-dimensional
physical space (X, Y, Z). The calibration is carried out by translating a calibration target
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along the depth of the illuminated volume at several positions, usually 2~5 positions. The
calibration target is a precisely machined two-lever plate with known distances between
the two levels and between the dotted markers. One typical calibration target is shown in
figure 3.17.

Figure 3.17 A typical two-level calibration
http://www.engineering.uiowa.edu/~fluids).

plate

for

Tomo-PIV

(source:

Although the projection function can be built through calibration procedure, errors
due to equipment vibration, thermal deformation in the lens optics or loose camera mounts
can cause significant deviation from the established projection. Thus a procedure called
self-calibration is crucial to provide a correction on the deviation. Self-calibration is
carried out for minimization of the disparity d between the projected particle position
(x’,y’) and the imaged particle position (x,y), namely d=(x’,y’)-(x,y).The disparity distance
is finally represented in the disparity map for planes at assigned different depth. An
example of the disparity map at one depth is shown in figure 3.18. Since self-calibration
operates by identifying and matching individual particles (Wieneke 2008), the images
used for self-calibration should have relatively lower density. After applying the selfcalibration in an iterative way, the disparity distance can be reduced from approximately
2-3 pixels to less than 0.1 pixel.

Figure 3.18 An example of the disparity map, where the peaks above the cloud indicate
the most possible disparity shift of the particles (Wieneke 2008).
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3.3.4 Reconstruction
The reconstruction procedure is to obtain a three-dimensional intensity distribution
of particles from each of the recorded particle images. The particle images have twodimensional intensity distributions I(x,y). The three-dimensional intensity distribution
𝐸(𝑋, 𝑌, 𝑍) can thus be represented through
∑ 𝑤𝑖,𝑗 𝐸(𝑋𝑗 , 𝑌𝑗 , 𝑍𝑗 ) = 𝐼(𝑥𝑖 , 𝑦𝑖 )

(3.10)

𝑗∈𝑁𝑖

where wi,j is the weighting coefficient describing the contribution of i-th pixel in the image
space to the j-th voxel in the physical space, and Ni is the total number of voxels in the
line-of-sight corresponding to the i-th pixel. A schematic representation of the Tomo-PIV
reconstruction is shown in figure 3.19.

Figure 3.19 Schematic top view of the imaging model for Tomo-PIV reconstruction. The
2D image plane is shown as a line of pixel elements and the 3D measurement volume is
shown as a 2D matrix of voxels. The dashed lines indicate the pixels line-of-sight, the
relevant voxels are coloured with grey scale depending on the value of the weighting
coefficient wij, d is the distance of voxel from the line-of-sight (Elsinga et al. 2006).
A multiplicative algebraic reconstruction technique (MART) is used to solve
eq.(3.10) (Herman & Lent 1976). It is operated by first giving an initial guess of
E0(Xj,Yj,Zj) and finally a converged solution is achieved in an iterative way using eq.(3.11):
𝐸
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𝑘+1

𝜇∙𝑤𝑖,𝑗

𝐼(𝑥𝑖 , 𝑦𝑖 )
(𝑋𝑗 , 𝑌𝑗 , 𝑍𝑗 ) = 𝐸 (𝑋𝑗 , 𝑌𝑗 , 𝑍𝑗 ) × [ 𝑘
]
𝐼 (𝑥𝑖 , 𝑦𝑖 )
𝑘

(3.11)
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where
𝐼𝑘 (𝑥𝑖 , 𝑦𝑖 ) = ∑ 𝑤𝑖,𝑗 𝐸 𝑘 (𝑋𝑗 , 𝑌𝑗 , 𝑍𝑗 )

(3.12)

𝑗∈𝑁𝑖

and μ is the relaxation factor for convergence acceleration. Pairs of the reconstructed
three-dimensional intensity field E(X,Y,Z) is later used for three-dimensional crosscorrelation with multi-pass, iterative volume deformation to deliver the instantaneous
velocity field (Scarano & Poelma, 2009). An example of three-dimensional vector field
from current Tomo-PIV measurement is shown in figure 3.20.

Figure 3.20 An example of three-dimensional vector field from current measurement in
the micro ramp wake. Vectors are coloured by velocity magnitudes (unit: m/s).

3.4 Experimental arrangements
Planar and tomographic PIV techniques are employed as flow diagnostic methods
for the micro ramp flow. The former is used for investigation of the decay of the micro
ramp wake in the center plane, while the latter is utilized to reveal the three-dimensional
flow structure. They are introduced in the following subsections, respectively.

3.4.1 Flow condition
The wind tunnel ST-15 is operated at Ma=2.0. After developing for approximately 1
meter on the wind tunnel bottom floor, the boundary layer obtains a thickness of 5.2 mm
in the test section. The displacement thickness and the momentum thickness was later
determined to be δ*=0.59 mm and θ=0.48 mm respectively, resulting in a shape factor of
H=1.24. The detailed information, such as the velocity profile, the velocity fluctuation in
the turbulent boundary layer will be discussed in the next chapter. The flow condition is
summarized in Table 3.1.
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Table 3.1 Flow condition in ST-15.
Parameter
Quantity
2.0 ±0.02
519 ±4.2 m/s
5.2 mm
0.6 mm
0.5 mm
1.24
13,600
1.47×105

Ma∞
U∞
δ
δ*
θ
H
Reθ
Reδ

3.4.2 Micro ramp geometry
The micro ramps under investigation in current experimental study follow that
suggested in the work of Anderson et al. (2006). The half span angle is chosen at α=24°,
the micro ramp chord length is c=7.5h, the width can be determined to be w=6.2h. A
schematic of the micro ramp is shown in figure 3.21. Two micro ramps with height of h=3,
4 mm are considered in the planar PIV experiment, while only the one with h=4 mm is
considered in the Tomo-PIV experiment. The two devices are later referred as MR3 (h3=3
mm) and MR4 (h4=4 mm) in the remainder. In both experiments, a single micro ramp
device is installed in the center of the bottom floor of the wind tunnel.
8.2o

h

W = 6.2h

24o
MR3: h3=3 mm
MR4: h4=4 mm
c = 6.9h

Figure 3.21 Micro ramps for present experimental investigation.

3.4.3 Arrangement for planar PIV experiment
The planar PIV experiment is intended to reveal the decay of the micro ramp wake.
Concerning the relatively long field of view, one LaVision Image Pro LX CCD camera
(4900×3300 pixels) was used and was aligned vertical with the center plane. The camera
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was equipped with a Nikkon optic lens with focal length of f=105 mm, the aperture was
set at f#=5.4, which offered a sufficient focal depth also accounting for aero-optical
aberration effects (Elsinga et al. 2005). The Spectra-Physics double-pulse laser provided
the illumination in the wake center plane. The laser probe was installed vertically through
the flange on the bottom side of the diffuser (see figure 3.2(b)) for that reflection from the
flow floor can be eliminated by using this configuration. In order to achieve a high
seeding density in the boundary layer, the seeding probe was installed in the lower side of
the settling chamber (see figure 3.6(b)). The experimental setup is shown in figure 3.22.

Figure 3.22 Schematic of the experimental setup of planar PIV.
Since the measurement domain was rather elongated along the streamwise direction,
the region of interest in the sensor was reduced along the vertical direction with a
resulting field of view (FOV) of 65×18 mm2 and 82×24 mm2 for FOV3 and FOV4
respectively. Note that FOV3 and FOV4 are the FOVs of MR3 and MR4 respectively.
They have the overlap in the region of x/h=12~32. The ramp height is chosen as the
normalization parameter for that a similar non-dimensional wake can be yield (Babinsky
et al. 2009). The resulting digital image resolution was 70.42 pixel/mm for FOV3 and
43.08 pixel/mm for FOV4. A total 400 double-exposure double-frame image pairs were
recorded at a low repetition rate of 1.5 Hz that allows the statistical analysis of the flow
field. The time separation between two consecutive pulses was set at 1 μs, which allows
the displacement of particles in the free stream region was approximately 36 pixels for
MR3 and 22 pixels for MR4. Considering a measurement precision of approximately 0.1
pixel, the dynamic velocity range for the two experiments exceeds 300 and 200 for MR3
and MR4 respectively. The alignment of FOVs relative to the MVGs is shown in figure
3.23 and the recording parameters of the two measurement series are summarized in Table
3.2.
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FOV4

y

FOV3

MR3
MR4

x
o

36mm 48mm

96mm

128mm

Figure 3.23 Arrangement of the FOVs for each micro ramp and the coordinates of the
beginning and end of each FOV.
Table 3.2 Planar PIV measurement parameters.
Quantity
Parameter
MR3
MR4
Objective focal length
105 mm
105 mm
f-number
5.4
5.4
Field of view
65×18 mm2
80×24 mm2
Digital image resolution
70.4 pixel/mm
43.2 pixel/mm
Laser pulse separation
1 μs
1 μs
Free stream particle
36 pixels
22 pixels
displacement
Interrogation window and
32×32 pixels, 50%OV
64×64 pixels, 75%OV
overlap
LaVision DAVIS 8.0 software package was used in the whole process of system
synchronization, image acquisition and pre-processing, vector calculation and statistical
post-processing. The images were pre-processed by subtracting the spatial sliding
minimum and minimum-maximum intensity normalization. The particle image motion
was made by iterative multi-grid image deformation. The resulting measurement grid is
composed of 305×85 (MR3) and 305×72 (MR4) vectors with spacing of 0.23mm (MR3)
and 0.37mm (MR4). The data post-processing eliminates spurious vectors with the
universal median test (Westerweel & Scarano 2005) and replaces them by interpolation
over the neighbour cells.

3.4.4 Arrangement for Tomo-PIV experiment
The present Tomo-PIV experiment is dedicated to the flow organization in the near
wake and the experimental setup made use of three Sensicam QE cameras as shown in
figure 3.7(a), of which one was placed with a viewing axis normal to the illumination
median plane, while the other two were placed upstream in order to collect light scattered
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by the particles in the forward direction, which gives a significant benefit in terms of
detected particle signal. The flow was also seeded with DEHS particles. The particles
were injected into the flow before entering the settling chamber (see figure 3.6(a)). Due to
the presence of the mixing inside the settling chamber and the turbulence in the boundary
layer, the particle tracers were mixed uniformly in the flow, resulting in a homogenous
particle distribution in the measurement domain. The particle tracers were also illuminated
by a Spectra-Physics Quanta Ray double-pulse Nd:Yag laser with 400 mJ pulse energy
and a 6 ns pulse duration at a wavelength of 532 nm.

Figure 3.24 The Tomo-PIV experimental setup for micro ramp near wake (unit: mm).
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The laser beam was shaped into a volume with main dimensions along the
streamwise and wall-normal directions and a thickness of about 6 mm along the span. The
laser light volume was formed through the periscope probe (see figure 3.8), which was
mounted in the side wall downstream of the test section (see figure 3.2(a)). The
experimental setup can be seen in figure 3.24.
The particle images were recorded by three PCO Sensicam QE cameras having
Peltier-cooled CCD sensors with 1376×1040 pixels and 12 bit quantization. The active
sensor region was cropped along the vertical direction where 896 pixels were used given
the aspect ratio of the region of interest. The acquisition frequency of the system was 5 Hz.
Each measurement comprised 400 triplets of image pairs to allow statistical analysis of
the turbulent flow properties. The flow was imaged in the streamwise (x), wall-normal (y),
and spanwise (z) directions over a volume of approximately 25×15×6 mm3, respectively,
with an average digital image resolution of 43.7 pixels/mm. Each camera was equipped
with a Nikon 105 mm focal length objective. Camera-lens tilt adapters were attached to
guarantee the Scheimpflug condition between the image plane and the illuminated median
plane. The two cameras in forward scattering were set to f#=16, and the camera normal to
the measurement volume was set to f#=11. The Tomo-PIV recording parameters are
summarized in Table 3.3.
Table 3.3 Recording parameters of Tomo-PIV measurement
Parameter
Quantity
Measurement volume
25×15×6 mm3
Digital image resolution
43.7 pixel/mm
Objective focal length f
105 mm
f-number f#
2×11,16
Laser pulse separation
0.6 μs
Seeding density
0.05 ppp
Interrogation volume
1.46×1.46×1.46 mm3
The achievable measurement volume depth is limited by the available energy of the
laser light source, and the current Tomo-PIV measurement domain spanned 6 mm, which
was about 1/4 of the width of the micro ramp. However, the K-H vortex has a size that is
approximately half of the width of the micro ramp in the spanwise direction. Therefore,
two measurements were carried out with different positions of the laser volume (see figure
3.25). For the configuration indicated as Measurement I, the laser volume is centred on
the symmetry plane of the micro-ramp. In the second configuration (Measurement II), the
edge of the volume was aligned with the micro ramp symmetry plane. Both measurement
volumes were located 35 mm (8.75h) downstream of the trailing edge in order to capture
the fully developed flow structure. This resulted in a measurement range extending from
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x/h=8.75~15 in streamwise direction. The definition of the coordinate system is also
indicated in figure 3.25, with the origin of the coordinate system placed at the trailing
edge of the micro ramp. Due to laser light reflections, the region close to the wall could
not be accessed and was therefore excluded from the analysis. For this reason the
measurement volume starts from y=2.52 mm (0.63h) in wall-normal direction. It may be
mentioned that the dataset of 400 snapshots for each measurement is the result of 8 runs of
the wind tunnel. This arrangement was adopted in view of the progressive contamination
of the laser probe window as a result of the deposit of the DEHS particles for a prolonged
wind tunnel run time.

Figure 3.25 Alignment of laser volumes for Tomo-PIV experiment (unit: mm).
The DAVIS 7.4 software package was used for data acquisition and processing
(volume calibration, self-calibration, image pre-processing, reconstruction, and threedimensional cross-correlation, vector validation). The volume calibration was performed
using three parallel planes located at equal intervals of 3 mm. The particle images were
pre-processed by subtracting the time-minimum pixel intensity to reduce the overall
background intensity. Furthermore, Gaussian smoothing with a 3×3 kernel was applied to
reduce image noise. The particle images were interrogated using volumes with final size
of 64×64×64 voxels and an overlap factor of 50%. Spurious vectors were removed and
replaced through linear interpolation of surrounding vectors (Westerweel & Scarano
2005).
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3.5 Uncertainty analysis for PIV measurement
Uncertainty analysis is essential for research using experimental approaches. A
complete uncertainty estimation makes a good evaluation of the measurement data, and is
also essential for the later comparison with results of CFD. There are two major sources of
uncertainty within the scope of present PIV study. One is due to the limited ensemble size
when performing ensemble averaging and root-mean-square (RMS), which are critical for
the study of mean flow and turbulent properties. There are also random uncertainty
components resulted from different aspects of PIV technique, such as the cross-correlation,
finite spatial resolution, etc.. Although there are other factors, such as the temperature
drop during the wind tunnel operation, contribute to the total uncertainty, they are
considered to exert negligible influence on the present experiments. The major uncertainty
sources are discussed as follow.

3.5.1 Uncertainty from finite data ensemble size
The uncertainty estimators of mean velocity, RMS velocity fluctuations and
Reynolds shear stress associated to finite ensemble size follow those introduced by
Benedict & Gould (1996).
The uncertainty of mean velocity can be estimated through
𝜀𝑢 =

√𝑢′2
√𝑁

=

〈𝑢′ 〉
√𝑁

(3.13)

where N is the number of flow realizations in the recorded ensemble. As can be seen from
eq.(3.13), the mean velocity uncertainty is jointly determined by the RMS of velocity
fluctuation 〈𝑢′ 〉 and the ensemble size N. Due to the increased fluctuation intensity in the
micro ramp wake region, the uncertainty of time-averaged velocity there is expected to be
higher than that in the free stream.
The uncertainty of the RMS of velocity fluctuation is estimated through:
𝜀〈𝑢′〉 =

√𝑢′2
√2𝑁

=

〈𝑢′ 〉
√2𝑁

(3.14)

Similar as 𝜀𝑢 , a larger uncertainty level of 〈𝑢′ 〉 is also present within the wake region.
The uncertainty of Reynolds shear stress can be estimated through:

𝜀𝑢 ′ 𝑣 ′ =
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2 √𝑢 ′ 2 √𝑣 ′ 2
√1 + 𝑅𝑢𝑣

√𝑁

(3.15)
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where Ruv is the correlation coefficient determined by:
𝑢′ 𝑣 ′

𝑅𝑢𝑣 =

(3.16)

√𝑢′ 2 √𝑣 ′ 2

3.5.2 Uncertainty of PIV measurement procession
Uncertainty from cross-correlation
The error that rises from the state-of-art digital image cross-correlation technique
can be conservatively estimated to be (Humble et al. 2009)
ε𝑐𝑜𝑟𝑟 = {

0.1 𝑝𝑖𝑥𝑒𝑙
0.2 𝑣𝑜𝑥𝑒𝑙

𝑝𝑙𝑎𝑛𝑎𝑟 𝑃𝐼𝑉
𝑇𝑜𝑚𝑜 − 𝑃𝐼𝑉

Thus the resulted uncertainty of the instantaneous velocity can be estimated through
𝜀𝑢 =

𝜀𝑐𝑜𝑟𝑟
𝜅Δ𝑡

(3.17)

where 𝜅 is the digital image resolution in pixel/mm and Δt is the time separation between
two pulses.
Uncertainty from tracer particle fidelity
This uncertainty component is due to the lag when tracer particles follow the flow
under investigation. The particle slip velocity can be approximated through the product of
particle slip time 𝜏𝑝 and the particle acceleration ap:
𝒖𝑠𝑙𝑖𝑝 ≈ 𝜏𝑝 ∙ 𝒂𝒑
(3.18)
The particle slip time of various types of particle has been systematically studied by
Ragni et al. (2011) by measuring the velocity transient in response of a shockwave at
Ma=2.0. The assessment of the particle acceleration has been expressed in eq.(3.1).
According to Ragni (2012), if steady flow assumption is considered, eq.(3.1) can be
further rewritten as
𝒂𝒑 = 𝑽 ∙ ∇𝑽
(3.19)
Resultantly, by substituting eq.(3.19) into eq.(3.18), the particle slip velocity can be
estimated through:
𝒖𝒔𝒍𝒊𝒑 ≈ 𝜏𝑝 ∙ (𝑽 ∙ ∇𝑽)

(3.20)

65

Chapter 3
The estimator in eq.(3.20) is able to produce reasonable particle slip approximation
in the region without presence of strong vortex. However, in the region where vortical
activity is dominant, the particle will be ejected away from the center. In this case, the
particle acceleration can be alternatively estimated through the centrifugal force of the
swirling motion:
|𝑽|2
(3.21)
𝑟
where r is the radius of the vortex. The swirling velocity magnitude |𝑽| can be estimated
through (U∞-Uconv) where Uconv is the convective velocity in the shear layer. The vortex
radius can be estimated to have a similar scale as the ramp height h. Since the vortical
activity in the micro ramp flow is rather significant and a lower seeding density is present
close to the vortex core, a dedicated estimator for this region is crucial.
𝒂𝒑 ≈

Uncertainty from finite spatial resolution
The uncertainty related to the spatial resolution has been studied by Schrijer &
Scarano (2008) in detail. It is determined by the ratio of the interrogation window size WS
to the spatial wave-length λ of the interested flow structure. The quantity WS/λ is also
known as normalized window size. As a result, this uncertainty component has a strong
dependence on the physical flow structure. In the current micro ramp flow, the same
interrogation window size results in different uncertainties for the turbulent boundary
layer and the wake region where K-H instability occurs. Since interest is placed in the
latter, the wave-length of the K-H wave can be used for the uncertainty estimation. For
one step interrogation the response of the ratio of measured velocity and true velocity
(u/u0) with the normalized window size (WS/λ) can be modelled through sinc function
(Schrijer & Scarano 2008):
𝑢
𝑊𝑆
= 𝑠𝑖𝑛𝑐( )
(3.22)
𝑢0
𝜆
and the response curves can be seen as the open squares in figure 3.26. However, if multistep interrogation is used a significantly lower modulation can be achieved for (WS/λ)
smaller than 0.5.
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Figure 3.26 The sine wave test: amplitude response as a function of the window size. Sinc
function (solid line); single step correlation (squares); iterative window deformation
(circles); filtered iterative window deformation (black dots) (Scarano 2010).

3.5.3 Uncertainty of vorticity
As the present work also focuses on the vortical structures and substantial analysis
are based on the vorticity field, the estimator for vorticity quantity is necessary.
The vorticity component is defined through
𝜕𝑣 𝜕𝑢
−
(3.23)
𝜕𝑥 𝜕𝑦
Spatial central difference is used in calculation. According to the error propagation theory,
the uncertainty of vorticity 𝜔 is determined by the spatial difference of the velocity:
𝜔=

𝜀𝜔 = 2𝜀𝜕𝑢⁄𝜕𝑦
and the uncertainty of the spatial difference of velocity can be expressed:
𝜀𝜕𝑢/𝜕𝑦 = √2 (

𝜀𝑢 2
𝜕𝑢 2 𝜀Δ𝑥
) +( ) ( )
2Δ𝑥
𝜕𝑦
Δ𝑥

(3.24)

(3.25)

By neglecting the uncertainty of the vector spacing Δx, and substituting the simplified
equation in to eq.(3.23), the uncertainty estimator for vorticity is
𝜀𝜔 =

√2𝜀𝑢
Δ𝑥

(3.26)
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3.5.4 Overall uncertainty of PIV experiments
Following the guidelines described above, the uncertainty of the planar PIV
experiments and Tomo-PIV experiments are listed in Table 3.4 and Table 3.5 respectively.
Table 3.4 Uncertainty of planar PIV experiments
Quantity
Parameter
MR3 (N=400)
MR4 (N=400)
Uncertainty
from data
ensemble
size

Uncertainty
from PIV

statistical uncertainty 𝜀𝑢
statistical uncertainty 𝜀𝑣
velocity fluctuation 𝜀〈𝑢′ 〉

≤ 3.5 m/s
≤ 4 m/s
≤ 2.5 m/s

≤ 3 m/s
≤ 4 m/s
≤ 2.5 m/s

Reynolds shear stress 𝜀𝑢′ 𝑣 ′

≤ 150 m2/s2

≤ 150 m2/s2

cross-correlation uncertainty 𝜀𝑐𝑐
instantaneous velocity 𝜀𝑢(𝜀𝑐𝑐 )

0.1 pixel
< 2 m/s

0.1 pixel
< 3 m/s

spatial resolution effect 𝜀(𝑊𝑆/𝜆) /𝑈∞

≤1%

≤ 1%

particle slip 𝜀𝜏𝑃

< 4 m/s

< 6 m/s

vorticity 𝜀𝜔 ℎ/𝑈∞

< 0.15

< 0.15

Uncertainty
from
data ensemble
size
Uncertainty
from
PIV

Table 3.5 Uncertainty of Tomo-PIV experiments
Parameter
Tomo-PIV (N=400)
≤ 4 m/s
Statistical uncertainty 𝜀𝑢
≤ 3 m/s
Velocity fluctuation 𝜀〈𝑢′ 〉
Reynolds shear stress 𝜀𝑢′ 𝑣′

≤ 200 m2/s2

Cross-correlation uncertainty 𝜀𝑐𝑐
Instantaneous velocity 𝜀𝑢(𝜀𝑐𝑐 )

0.2 voxel
< 5 m/s

Spatial resolution effect 𝜀(𝑊𝑆/𝜆) /𝑈∞
Particle slip 𝜀𝜏𝑃

< 1%
< 6 m/s

Vorticity 𝜀𝜔 ℎ/𝑈∞

< 0.11

3.6 Data reduction: vortex detection
3.6.1 Vorticity
The vortex structure is commonly represented by the vorticity components. Vorticity
is mathematically defined as the curl or rotation of the velocity field:
𝝎=𝛁×𝒗
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where 𝜵 = (

𝜕

,

𝜕

𝜕

, ) in Cartesian coordinates. Thus each vorticity component can be

𝜕𝑥 𝜕𝑦 𝜕𝑧

written as:
𝜕𝑤 𝜕𝑣
−
𝜕𝑦 𝜕𝑧
𝜔𝑥
𝜕𝑢 𝜕𝑤
(𝜔𝑦 ) =
−
𝜕𝑧 𝜕𝑥
𝜔𝑧
𝜕𝑣 𝜕𝑢
−
( 𝜕𝑥 𝜕𝑦 )

(3.28)

3.6.2 Q-criterion
Q-criterion is another widely used vortex identification quantity (Hunt et al. 1988).
It detects vortices as flow regions with positive second invariant of velocity gradient ∇𝒗
(∇𝒗 = 𝑺 + 𝛀), namely
1

𝑄 = − (𝑆𝑖𝑗 𝑆𝑖𝑗 − Ω𝑖𝑗 Ω𝑖𝑗 )
2

(3.29)

where the rotation Ωij and strain rate Sij are defined as
1 𝜕𝑢𝑖 𝜕𝑢𝑗
Ω𝑖𝑗 = (
−
)
2 𝜕𝑥𝑗 𝜕𝑥𝑖

(3.30)

1 𝜕𝑢𝑖 𝜕𝑢𝑗
S𝑖𝑗 = (
+
)
2 𝜕𝑥𝑗 𝜕𝑥𝑖

(3.31)

As a result, the quantity Q can be written as
𝑄=−

1 𝜕𝑢𝑖 𝜕𝑢𝑗
2 𝜕𝑥𝑗 𝜕𝑥𝑖

(3.32)

Since Q is positive, according to eq.(3.29) it represents the flow regions where the
rotation prevails the strain rate (‖𝛀‖2 > ‖𝐒‖2 ).
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Three-dimensional flow organization
in the near wake
(Sun, Z., Schrijer, F. F. J., Scarano, F. & van Oudheusden, B. W., The three-dimensional
flow organization past a micro-ramp in a supersonic boundary layer, Physics of Fluids,
24(5), 2012)

The present chapter examines the three-dimensional flow organization in the near
wake of a micro ramp device. The investigation is conducted by means of tomographic
PIV measurements as described in the previous chapter. The mean flow reveals a wake
with approximately circular cross section dominated by a pair of counter-rotating
streamwise vortices that generate a focused upwash motion along the wake symmetry
plane. The instantaneous behaviour is dominated by Kelvin-Helmholtz (K-H) type
vortices observed in the shear layer that is embedded in the wake. Intermittent arc-shape
vortices are visualized that locally accelerate the outer fluid and further decelerate the
inner region. The interaction of K-H vortices with the streamwise vortices considerably
increases the overall complexity of the wake. In particular, the streamwise vortex pair
displays an undulating behaviour in correspondence of K-H vortex’s presence. It appears
that the streamwise vortex filaments below the K-H vortex train approach each other due
to the focused ejection activity produced by the K-H vortex. The topological organization
of the wake vortices is educed through a conditional average based on the vorticity field.

4.1 Introduction
A general understanding of the flow structures in the three-dimensional wake
downstream of a micro ramp can be achieved through the literature studies surveyed in
Chapter 2. The questions emerging from the review on the flow past a micro ramp are first
the interaction between the supposedly steady streamwise vortex pair and the unsteady
features, mainly the K-H vortices occurring at the wake interface. Moreover, the structure
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of the turbulent fluctuations downstream of the micro-ramp needs to be characterized
statistically if any comparison is to be attempted among different experiments and with
computer simulations. Given the three-dimensional nature of the problem and the need to
characterize the unsteady large scale flow organization, volumetric measurements are
performed in this study by the use of Tomo-PIV. This technique has already been proven
successful for the study of SWBLI by Humble et al. (2009) and supersonic boundary layer
turbulence by Elsinga et al. (2010). Tomo-PIV is considered at a stage of sufficient
maturity to measure the three-dimensional flow past a micro ramp under the considered
flow conditions.
The presentation of the results focuses first on the statistical characterization of the
three-dimensional wake, which is dominated by the primary streamwise vortex pair. The
instantaneous large-scale organization is educed by a vortex detection criterion in order to
quantify the strength, occurrence, and length scales of K-H vortices. The relation between
the streamwise vortex and the K-H vortex is revealed by means of three-dimensional
instantaneous vorticity visualization. The discussion leads to a conceptual model of the
instantaneous vortex organization by conditional average process of the instantaneous
flow fields.

4.2 Undisturbed turbulent boundary layer
A dedicated planar PIV experiment is carried out to measure the undisturbed
boundary layer on the wind tunnel bottom wall. A total of 200 snapshots were recorded to
achieve the converged time-averaged velocity profile. The uncertainty level of the
measurement is less than 5 m/s for the streamwise velocity. Some important parameters of
the boundary layer have already been introduced in the previous chapter. The undisturbed
boundary layer profiles in non-dimensional unit and in wall unit are shown in figure 4.1
and figure 4.2, respectively. The resolved log region of the boundary layer approximately
covers the range of y+=300~3000, which corresponds to y/δ=0.06~0.4. The measurement
point closest to the wall corresponds to y+=200, but it already deviates from the log fit,
which is a result of the resolution limits of the current PIV experiment. Beyond the log
region, the wake component is retrieved in the range y+>3000.
The profiles of the turbulent fluctuations in the undisturbed boundary are shown in
figure 4.3, where the PIV results from Humble et al. (2009) and the incompressible flow
data from Klebanoff (1955) are included for comparison. The RMS velocity components
are normalized by the friction velocity, and the density variation is taken into account by
multiplying by the density ratio √𝜌⁄𝜌𝑤 according to Morkovin’s hypothesis, so that the
incompressible data can be compared to the current compressible flow results.
The fluctuation of the streamwise velocity component agrees well with the result
obtained by Humble et al. (2009), considering that the experiments were conducted in
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different wind tunnels, except in the region close to the wall. Both experiments yield
higher values of 〈𝑢′〉 compared to the Klebanoff data. The opposite occurs for the wallnormal velocity fluctuation 〈𝑣′〉, where the current experiment also yield lower value.
These discrepancies may reflect the velocity measurement uncertainty, but may also partly
be ascribed to the limited validity of the density-weighted scaling applied to the wall
normal component of the velocity.

Figure 4.1 Velocity profile of undisturbed turbulent boundary.

Figure 4.2 Boundary layer profile in wall units.
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Figure 4.3 Velocity fluctuations in the turbulent boundary layer, profiles from Humble et
al. (2009) and Klebanoff (1955) are included for comparison.

4.3 Mean flow organization
The organization of the mean flow is first addressed to provide the basic flow
topology as a framework for the subsequent discussion of the more complex flow features
that occur in the instantaneous flow.
The mean flow field is obtained by averaging the instantaneous three-dimensional
velocity fields composing the dataset. The results are represented through three cross-flow
slices at streamwise locations of x/h=8.75, 11.25, 13.75 (i.e. x=35, 45, 55 mm) as shown
in figure 4.4 and the x-y cross section at the center plane (z/h=0) as shown in figure 4.5.
For the ease of interpretation, the velocity field is mirrored around the center plane in the
assumption of a symmetrical mean flow field. This assumption has been verified by
means of planar PIV measurements along the entire span of the ramp, which confirmed a
high degree of symmetry of the mean flow (refer to Appendix A).
The streamwise vortex pair is presented as the major flow feature in most studies
and will be addressed first. This pair of vortices can be observed through the projected
vectors in the first three y-z plane plots in figure 4.4. At the upstream position of x/h=8.75,
the vertical position of the vortex core is approximately at y/h=1.63, and the distance
between the axes of two vortices approximately corresponds to the ramp height h. Moving
downstream, the vortex system moves away from the wall with approximately linear rate:
at x/h=13.75 the height of the vortex becomes y/h=2.13. In contrast, the spanwise extent
appears relatively unchanged, and the distance between the vortices stays almost the same
as in upstream locations. The streamlines (see figure 4.5(a)) exhibit a typical S-shape at
the wake center plane (z/h=0), indicating the upwash flow induced by the vortex pair.
According to the U-contours in figure 4.4, the wake appears as a region with a rather
circular cross-section including two counter-rotating streamwise vortices and is bounded
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by the shear layer at the outer edge. Each vortex is accompanied by a momentum deficit
attaining a maximum slightly inside and above the position of the vortex core. The
upward shift of the overall wake can be explained by considering that the vortex pair
system is subject to a net positive lift force. The vertical velocity contours show a
vigorous upwash in the symmetry plane attaining a velocity above 0.2U∞. The downwash
regions extend over a larger area with approximately half the intensity.

Figure 4.4 Selected cross-sections of U and V contours from the mean flow field, crossflow vector are added to the U-contours. Top: contours of U; Bottom: contours of V.

Figure 4.5 Velocity contours in the x-y cross-section at z/h=0, cross-flow streamlines in
the center plane are added to the U-contour: (a) contour of U; (b) contour of V.
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Figure 4.6 Spanwise distributions of the streamwise velocity component, profiles are
taken at the height of vortex cores.
The properties of the shear layer are explored through the velocity profiles in figure
4.6 and figure 4.7. The three U-profiles shown in figure 4.6 belong to different streamwise
positions of x/h=8.75, 11.25, 13.75, which represent different stages of the wake
development. Their wall-normal positions correspond to that of the vortex.
The three profiles are all basin-shaped with a clear U-deficit at the center. The
minimum value of the streamwise velocity component is 0.7U∞ at x/h=8.75. Further away
from the centerline the streamwise velocity increases to reach the free stream value within
a spanwise distance of Δz/h≈1.13. The latter can be regarded as the wake half-width.
When the wake develops downstream, the recovery process reduces the imparted
momentum deficit.
On its lower side, the wake flow is affected by the presence of the wall turbulence.
The bottom part of the wake consequently exhibits different properties compared to the
top side, which separates the wake from the free stream. Figure 4.7 shows six wall-normal
profiles of the streamwise velocity extracted at the same streamwise position of x/h=8.75,
for different spanwise positions, varying from the center (z/h=0) to outside the wake
(z/h=1.5). The undisturbed boundary layer is also included for reference. The differences
give an indication of the potential effect of the micro-ramp device on the boundary layer
properties. Two shear layer regions can be distinguished. The upper shear layer of the
profile at the center plane (z/h=0) is similar to the shear layer explained in figure 4.6: the
U component increases from its minimum (maximum deficit) to the free stream within a
comparable thickness of Δy/h≈1.13. However, the lower shear layer presents different
features, as it is embedded in the lower part of the boundary layer. The U increases to a
magnitude less than the free stream value, for example, the center profile at x/h=8.75
increases to 0.87U∞.
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Figure 4.7 Wall-normal distributions of streamwise velocity component at x/h=8.75,
profiles are shown for a varying spanwise distance from the wake center plane.

Figure 4.8 Spanwise distributions of wall-normal velocity component at three streamwise
positions
As addressed in the literature, the boundary layer is energized through the
momentum exchange imparted by the coherent downwash and upwash motions. The Vcontours in figure 4.4 clearly illustrate these regions. A more detailed analysis is offered
in figure 4.8, where spanwise profiles are extracted at the vortex core locations. The
upwash has a maximum of 0.2U∞ at x/h=8.75, while the downwash attains a magnitude of
-0.14U∞. The wake growth caused by the recovery reduces the amplitude of wall normal
motion and the upwash and downwash have been reduced to 0.14U∞ and -0.8U∞ at
x/h=13.75, respectively.
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4.4 Instantaneous flow organization
In this section, the analysis focuses first on the instantaneous velocity pattern, and
later on the vortical structure. Furthermore, the interaction between the two most
prominent vortex systems observed in the flow field, namely the primary streamwise
vortices and the K-H vortices, is investigated.
For ease of interpretation, the discussion of the instantaneous three-dimensional
velocity structure will initially be approached through the observation of flow patterns in
the cross-sectional planes. The volumetric representations of the velocity field are
subsequently presented to provide a global view of these patterns in three-dimensions.
Figure 4.9 illustrates the instantaneous flow field through four y-z cross-sectional
representations at the streamwise position x/h=10.5, corresponding to four snapshots that
are uncorrelated in time (the time separation is more than 1s). The vortex pair exhibits
significant fluctuations that involve a macroscopic displacement along the spanwise and
wall normal direction. The vortices appear distorted with respect to the time-averaged
flow field presented before. Nevertheless, the basic structure with a pair of counter
rotating vortices is maintained and the momentum deficit concentrated at the vortex cores
is still observed in most realizations.

Figure 4.9 Contours of u and in-plane (y-z) velocity vectors in four instantaneous y-z
planes at fixed streamwise position of x/h=10.5.
The vortex pair also does not appear always as symmetric with respect to the median
plane (z/h=0), and the edge of the wake region is not as regular as in the mean flow. A
significant difference can be observed in the first two plots of figure 4.9, where a highvelocity pocket is generated above the wake region. This distinctive flow feature can be
explained through the longitudinal x-y cross section along the median plane, as shown in
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figure 4.10 (the cross sections in figures 4.10 and figure 4.9(a) are extracted from the
same snapshot).

Figure 4.10 Contour of u in the center plane (z/h=0). Velocity vectors are represented in a
convective frame of reference to visualize the K-H vortices in the shear layer (indicated
by white circles).
The instantaneous representation of u in the center plane exhibits large-scale
fluctuations at the interface between the wake region and the free stream. This wavy
structure can be recognized as the imprint of a K-H instability. This is reflected by the
rather regular formation of spanwise vortices rotating in the same direction as the mean
shear. The K-H vortices do not appear with swirling pattern when the velocity vectors are
represented in the laboratory frame of reference. Following previous studies (e.g. Scarano
et al. 1999, Adrian et al. 2000) the swirling topology of travelling vortices is revealed
when the velocity vectors are represented within a convective frame of reference with the
convective velocity approximately matching that of the center of the vortex.
In the present case, the convective speed of the K-H vortices is approximately 90%
of the free stream and the vortices are clearly revealed when the velocity vector field is
represented in the convective frame of reference at 0.88U∞. The K-H vortices have the
same swirling direction as the rotation induced by the shear layer (clockwise). The fluid
above the vortex is locally accelerated and below is decelerated.
A volumetric representation is employed to further illustrate the three-dimensional
velocity pattern. This is performed by selecting three values of u that allow visualization
of typical flow field features by the iso-surfaces plotted in figure 4.11. It should be noted
that the flow fields in figures 4.11(a)-(b) are taken from Measurement I (refer to figure
3.25) and they represent the same snapshot as figure 4.10, while figure 4.11(c)-(d) are
from Measurement II (refer to figure 3.25). The local high-speed regions induced by the
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presence of the K-H vortices are shown in pink color (u/U∞=1.02), while the low-speed
regions (u/U∞=0.8) below the K-H vortices are shown in green.

Figure 4.11 Iso-surfaces of u in the domains of two measurements:(a)(b) are from
Measurement I and (c)(d) are from Measurement II. Three values are chosen: high speed
u/U∞=1.02 (pink), intermediate u/U∞=0.9 (yellow) and low speed u/U∞=0.8 (green).
In figure 4.11(a), it can be seen that the high-speed regions span the whole
measurement volume, while they tend to bend towards the wall when moving further in
spanwise direction (see figure 4.11(c)). Consistently, the high-speed regions feature an
arc-shape. For the low-speed regions depicted in green, the spanwise orientation is less
pronounced although it is clear that they appear in combination with the high-speed
regions confirming the presence of the K-H vortices.
Figures 4.11(b)(d) show iso-surfaces in yellow that map an intermediate value of the
streamwise velocity u/U∞=0.9 typically associated with the high-speed regions for
reference. The velocity value for the yellow iso-surface is chosen such that it illustrates
the extent of the shear layer and the wake where the streamwise vortex pair is developing.
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As illustrated in figure 4.5(a) the low-speed region forms a continuous connected region
in the mean flow representation. In the instantaneous flow, however, due to the local
backward flow effect induced below the K-H vortices, the low-speed region appears as
splitting into several packets as depicted in figures 4.11(a) and 4.11(c).

Figure 4.12 Contours of instantaneous streamwise velocity component u in the wallparallel plane at different heights. Vectors are represented in a convective reference. K-H
vortices are indicated by white circles: (a) x-z plane at y/h=1.63 from a snapshot in
Measurement I; (b) x-z plane at y/h=1.88 from a snapshot in Measurement II.
Since the high-speed packets are the result of the K-H instability, the resulting
vortices are expected to obtain a similar arc-shape. This can be validated by visualizing
the velocity field in the x-z plane, see figure 4.12. In order to visualize the imprints of the
vortices, the velocity vectors are plotted in a convective frame of reference (similar to
figure 4.10). Figure 4.12(a) contains a snapshot from Measurement I and shows a pair of
vortices at the edge of the wake region at x/h≈10. Because the wake expands when
moving further downstream, the vortex pairs are beyond the measurement domain. The
cross section in figure 4.12(b) shows a snapshot taken from Measurement II. Since this
volume only contains one side of the flow field, only one vortex of each pair is visualized.
Similar to what is observed in the center plane in figure 4.10, K-H instability is observed
in the shear layer at both sides of the wake. A series of vortices is indicated by the white
circles that are located in the shear layer and represent the cross sections of the leg
portions of the arc-shaped vortices.
Closer inspection of figure 4.12(a) reveals a pair of secondary vortices with opposite
direction of rotation from their neighbouring primary ones. The secondary vortices appear
inside the wake region and the distance between them is much shorter, approximately 0.5h
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for the current example. Due to their rotations, the flow between them is ejected forward,
generating a local high-speed patch. According to the experimental study of Yang et al.
(2001), similar pairs of secondary vortices were observed and they were further identified
as the imprints of secondary hairpin vortices whose head cross-sections could be observed
in the wall-normal plane containing the streamwise direction. This category of secondary
hairpin was later testified by the study of Dong & Meng (2004) through direct numerical
simulation (DNS). However, the cross section of the head part of the secondary hairpin
cannot be observed in figure 4.10. The reason could be that this secondary hairpin is
rather weak and just appears as fragments.

4.5 Coherent vortical structure
4.5.1 Instantaneous vorticity distribution
A first insight into the dynamical behaviour of the large-scale coherent structures is
given here by means of the vorticity field analysis. As previously mentioned, the two most
important vortical structures that are observed are the counter-rotating streamwise vortices
and the K-H vortices in the shear layer. These vortices can be easily detected and
distinguished referring to the different components of the vorticity vector. Moreover, it is
important to understand the interaction between these vortical structures.
In figure 4.13(a), a snapshot of the streamwise vortices is shown by plotting the isosurfaces of ωx, the different colours denote opposite signs of vorticity (positive in green
and negative in pink). In figure 4.13(b) the K-H vortices are shown in orange by plotting
the iso-surfaces of the non-streamwise vorticity √ω2𝑦 + ω2𝑧 . With respect to the average
flow field where the streamwise vortices develop along a rather straight path (see figure
4.13(c)), here the streamwise vortices exhibit an undulating pattern and appear as
meandering.
At upstream locations (x/h<12.5), the vortex pair is well defined by the current
choice of the iso-surface value. Further downstream the iso-surface becomes fragmented
which gives an indication that the vorticity magnitude becomes less due to diffusion.
According to the experiments of Elavarasan & Meng (2000) on the mixing tab, the
streamwise vortices in the wake of a mixing tab typically last only 1.5 to 2.0 tab heights
from the trailing edge. However, in the current research the vortices still exist even after
12 ramp heights. This large difference can possibly be attributed to different Reynolds
numbers and Mach numbers: the mixing tab was installed in a low-speed water flow
(Reh=700), while the micro-ramp is implemented in a supersonic compressible flow
(Reh=140,000).
Figure 4.13(b) clearly shows the head part of the arc-shaped K-H vortices; they are
located directly over the streamwise vortices and span the entire width of the
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measurement domain. Upon close inspection it can be furthermore observed that the K-H
vortices turn towards the wall when moving away from the micro ramp centerline,
effectively encompassing the top part of the streamwise vortices.

Figure 4.13 Iso-surfaces of instantaneous vorticity: (a) iso-surfaces of streamwise
vorticity ω𝑥 ; (b) iso-surfaces of streamwise vorticity and non-streamwise vorticity
√ω2𝑦 + ω2𝑧 ; (c) iso-surfaces of time-averaged streamwise vorticity.

4.5.2 Vortex interaction
The interaction between the system of K-H vortices and the streamwise vortex pair
is studied. The vorticity vector is decomposed along the streamwise and the spanwise
directions. Integrals of vorticity component are employed to quantify the strength of the
vortical structures. The vorticity integrals for each vortex are defined in the following way
similar as Li et al. (2011b):
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𝐹𝜔𝑥+ (𝑥) = ∫ ∫ 𝜔𝑥+ 𝑑𝑦𝑑𝑧

(4.2)

𝐹𝜔𝑥− (𝑥) = |∫ ∫ 𝜔𝑥− 𝑑𝑦𝑑𝑧|

(4.3)

𝐹𝜔𝑧− (𝑥) = |∫ 𝜔𝑧− 𝑑𝑦|𝑧=0
where 𝐹𝜔𝑥+ (𝑥) is the surface integration of positive streamwise vorticity

(4.4)
(𝜔𝑥+ >0)

at each

cross-flow plane (y-z plane). This operation is carried out by integrating the positive
streamwise vorticity inside every cross-flow plane. 𝐹𝜔𝑥− (𝑥) has a similar definition, but for
the opposite rotational direction (𝜔𝑥− <0). The absolute value is considered for the latter
since only the magnitude of the vorticity integral is of interest. 𝐹𝜔𝑧− (𝑥) is the integral of
K-H vortex (𝜔𝑧− < 0) along the y axis in the center plane (z=0). The K-H vortex can thus
be detected by a peak of |𝐹𝜔𝑧− (𝑥)| . To perform further operations, subtraction and
amplitude normalization by the mean value are made. The typical distributions of the
three vorticity integrals from one snapshot are shown in figure 4.14. It should be noted
that the negative peak of the normalized vorticity integral means a local minimum instead
of a negative vorticity integral. The top view included in figure 4.14 illustrates the threedimensional pattern of the instantaneous vorticity to clarify the relation between the
vorticity integrals and the spatial organization of the flow.

Figure 4.14 The instantaneous vorticity integral distributions along streamwise direction
(bottom) and the top view of the corresponding instantaneous vorticity field (top).
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Not surprisingly, 𝐹𝜔𝑧− (𝑥) exhibits the strongest fluctuations along the streamwise
direction, which is associated to the presence of concentrated vorticity at the position of
K-H rollers. Observing the diagrams, a phase relation between the K-H vortices 𝐹𝜔𝑧− (𝑥)
and the streamwise vortex pair ( 𝐹𝜔𝑥+ and 𝐹𝜔𝑥− ) can be hypothesized. Namely, the
streamwise vorticity peaks are located slightly upstream of those from the spanwise
component. A cross-correlation analysis performed on the entire data ensemble confirms a
positive peak, approximately 0.5h or 2mm upstream and a negative one downstream with
a similar distance, see figure 4.15. The result is rather comparable for each of the two
vortices from the streamwise pair. The negative peak corresponds to the position where
the intensity of the streamwise vortex attains a minimum. Instead, the positive peak
upstream indicates an increase of overall circulation for the vortex pair.

Figure 4.15 Spatial cross-correlation between 𝐹𝜔𝑧− and 𝐹𝜔+/− . 𝑅 (𝐹𝜔𝑧− , 𝐹𝜔+/− ) is the cross𝑥

𝑥

correlation coefficient.
Three views of another instantaneous snapshot help better interpret this behaviour.
From the vorticity pattern visualized by Q-criterion shown in figure 4.16, it appears that
the presence of a K-H vortex makes the streamwise vortices approach each other. These
two filaments are also accelerated towards the preceding K-H vortex (under its head) due
to the effect of the focused fluid ejection. Moreover, the K-H vortex features an arc-shape
and its legs are inclined from vertical under the strain field. As a result, in the lower
region, they contribute significantly to the streamwise vorticity. In some cases, the legs of
K-H vortices appear to merge with the primary streamwise vortices. Unfortunately, the
spatial resolution of the measurement does not allow to explore further details of such
merging activity. Downstream of the K-H vortex head, the two streamwise vortices appear
to be vigorously stretched and tilted often leading to the interruption of the vortex filament,
which justifies the streamwise vorticity minimum returned by the cross-correlation
analysis.
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Figure 4.16 Three views of the iso-surface of Q-criterion at a certain value in a snapshot
of the instantaneous flow field. The iso-surfaces are flooded by the value of streamwise
vorticity ωx: (a) top view; (b) side view; (c) bottom view.
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4.5.3 Wave-length of K-H instability
A statistical estimate of the separation distance between neighbouring K-H vortices
is obtained by performing the spatial auto-correlation of spanwise vorticity ωz. The autocorrelation of the vorticity field at the center plane yields three distinct peaks in the
correlation map. The peak at the origin is not considered here as it results from the
vorticity self-correlation. The other two peaks are symmetric around the central one, and
they result from the multiplication of the two vorticity fields upon a spatial shift
corresponding to the most likely wave-length. The latter is then calculated by measuring
the distance between the central peak and one of the neighbouring two.

Figure 4.17 Spatial auto-correlation map of ωz(x,y) at the symmetry plane (z/h=0).
The resulting wave-length λ of the K-H instability within the measurement domain
is approximately 1.5h. The correlation map is represented in figure 4.17. Conducting the
analysis at several streamwise locations produces very similar results (refer to Appendix
B), indicating that in the current experiment and within this measurement range no
phenomena, such as vortex pairing or breakdown, is occurring that alters the K-H vortices
pattern.

4.5.4 Conditional average of vortical field
The analysis of the vortex features from instantaneous realizations remains difficult
due to the large spatial fluctuations caused by the flow unsteadiness. Therefore, an
ensemble average of the K-H vortex is obtained by using an indicator function of the
spanwise vorticity ωz at the center plane (z=0). A threshold value of ωz is selected based
on the magnitude of the K-H vortex. Once the ωz at the chosen position in one snapshot is
stronger than the threshold magnitude, a K-H vortex is detected. The detected vortex is
first aligned according to the position of the vorticity peak and then ensemble averaged. In
the current case, the threshold is chosen to be ωz=-1.2U∞/h and a total number of about 40
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instantaneous snapshots are included in the ensemble for averaging. The procedure is
repeated at three locations spaced by a distance equal to the K-H wavelength. The results
from the different locations are spatially merged and produce a visualization of a train of
K-H vortices enveloping the streamwise vortex pair. Figure 4.22 shows the final result by
means of iso-surfaces of vorticity decomposed in the streamwise component ωx, and the
complementary part √𝜔𝑦2 + 𝜔𝑧2 . The former represents the primary vortex pair, whereas
the latter identifies the arc-shaped K-H vortices. Most of the fluctuations observed in the
instantaneous flow visualization are not present in this conditional average result.
Nevertheless, the statistical analysis returns the arc-shaped vortices with a more inclined
leg region, which merges with the streamwise vortices. The latter appear to be undulated
under the action of the K-H vortex induced flow (vortex pair spacing is larger upstream
and smaller downstream of the K-H vortex.). Finally, one can also observe that the
strength of the streamwise vortices is decreased immediately downstream of the head
region of a K-H vortex. These conclusions are consistent with the observation inferred
from the instantaneous vorticity fields. In contrast, the conditional average cannot return
any information on the phenomenon of the unsteady vortex meandering because any
spanwise oscillation of the vortex system is averaged out in the present procedure.

Figure 4.22 Conditional average vorticity distribution in the wake of a micro ramp.
Vorticity iso-surface of streamwise component ωx (green) and spanwise-wall-normal
component √𝜔𝑦2 + 𝜔𝑧2 (light blue).
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4.6 Conclusions
Tomographic PIV has been proven to be a well-suited approach for investigating the
flow generated by a micro ramp. It reduces the complexity and ambiguity of interpreting a
three-dimensional flow organization from cross-sectional visualizations alone, through
providing instantaneous volumetric information. The measurements agree qualitatively
with previous studies that show that the mean flow displays a streamwise wake region
coming from the trailing edge of the micro ramp, encompassed by a circular shear layer at
its outer edge. A counter-rotating vortex pair, which is symmetrical to the center plane of
the micro-ramp is produced, and contained within the wake. Both the wake and vortices
are lifted when travelling downstream.
With regard to its instantaneous structure, the flow exhibits features with significant
differences to the mean organization. A train of arc-shaped vortices is produced through
the Kelvin-Helmholtz instability occurring in the approximately circular shear layer that
bounds the wake. These K-H vortices do not show up in the mean flow field because of
the averaging process. The streamwise counter-rotating vortex pair still persists in the
instantaneous flow, however, they exhibit an undulating behaviour. The two streamwise
vortex cores tend to become closer under the head of K-H vortex due to the ejection event
resulting from the K-H vortex. The arc-shaped K-H vortices are also influential to the
instantaneous flow pattern. The vortex rotates in the clockwise direction; as a result, on
top of the vortex there is local acceleration, with local deceleration being below the vortex
accordingly. These local activities produce local high-speed and low-speed regions
outside and inside the wake respectively, which also tend to display as the shape of an arc.
Since the strength of the K-H vortex varies, the corresponding local high-speed and lowspeed regions may appear only partially. The interactions between the streamwise vortices
and K-H vortices make the flow inside the wake rather complex. The streamwise vortex
filaments exhibit downward and outward motions upon the generation of K-H vortex
leading to the connection with the leg portions of arc-shaped K-H vortex.
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Decay of micro ramp wake
(Sun, Z., Schrijer, F. F. J., van Oudheusden, B. W. & Scarano, F., Decay of the turbulent
wake from the supersonic micro ramp, 8th International Symposium on Turbulence and
Shear Flow Phenomena, Poitiers, France, 28-30 August 2013)

This section describes the investigation of the micro ramp wake decay process.
Therefore, the attention is placed to the far wake region, where the flow pattern imparted
by the micro ramp loses coherence under the effect of instabilities and the surrounding
turbulent flow. The investigation is conducted by means of planar PIV with large-format
camera that enables the study of a relatively large spatial domain with high spatial
resolution. Two micro ramps are investigated with heights of 60% and 80% of the
undisturbed boundary layer thickness, respectively. The measurement domain is placed at
the center plane of the ramp and encompasses the range from 10 to 32 ramp heights
downstream of the ramp. The decay of the flow field properties is evaluated in terms of
time-averaged and RMS velocity statistics. In the time-averaged flow field, the recovery
from the imparted momentum deficit and the decay of upwash motion are analysed. The
RMS fluctuations of the velocity components exhibit strong anisotropy at the most
upstream location and develop into a more isotropic regime downstream. The selfsimilarity properties of velocity components and fluctuation components along wallnormal direction are followed. The investigation of the unsteady large-scale motion is
carried out by means of snapshot analysis and by a statistical approach based on the
spatial auto-correlation function. The Kelvin-Helmholtz (K-H) instability at the upper
shear layer is observed to develop further with the onset of vortex pairing. The average
distance between vortices is statistically estimated using the spatial auto-correlation of the
vorticity snapshots. A marked transition with the wavelength nearly doubling is observed
across the pairing regime. The K-H instability, initially observed only at the upper shear
layer also begins to appear in the lower shear layer as soon as the wake is elevated
sufficiently off the wall. The auto-correlation statistics confirm the coherence of counterrotating vortices from the upper and lower sides, indicating the formation of vortex rings
downstream of the pairing region, which agrees with the findings of Li & Liu (2010a). A
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conceptual flow model featuring the vortex evolution is finally conjectured based on all
the above observations and analyses.

5.1 Introduction
The flow structures in the near wake have been explored in the previous chapter.
The focus of the present chapter is to describe the processes leading to the decay of the
disturbance produced by the micro ramp. This is particularly relevant when considering
the issue of optimally positioning these devices with respect to the expected region of
interaction with shock waves. Because of the large spatial extent needed to observe a
measurable decay of the wake, the measurements cannot be conducted by tomographic
PIV and the experiments revert to planar PIV. The center plane is chosen due to the fact
that the prominent flow structures, namely the momentum deficit and the upwash motion
can be represented through their cross-sections containing the streamwise direction. As
known from the previous chapter and the available literature, the flow instability that
occurs at the interface of the micro ramp wake plays a major role in forming the
instantaneous flow pattern, the propagation of the instability phenomenon and the
evolution of associated vortices are thus of vital importance. Since the wake region is
elevated while traveling downstream, the influence of the wall becomes less important
and further unstable waves may emerge leading to the breakdown of the coherent vortex
system.
In order to find a proper length scaling for the micro ramp wake, two micro ramps
with heights of 3 mm and 4 mm are investigated. They are referred to as MR3 and MR4
respectively, and correspond to 60% and 80% of the boundary layer thickness. The
context is organized as follow: the decay of the micro ramp wake is elaborated through
the time-averaged data and turbulent statistics. The instantaneous realizations focus on the
observation of vortex pairing phenomenon and ring vortex generation. A statistical
evidence of the pairing phenomenon is provided making use of the spatial auto-correlation
function. At the end of the chapter, a conceptual model that covers the evolution of the
micro ramp wake from the near field to downstream the pairing regime is conjectured.

5.2 Decay of time-averaged velocity
5.2.1 Streamwise velocity component
The flow field produced by the two micro ramps is rather similar. This is clearly
observed in the contours of streamwise velocity along the range from x/h=12 to 32 in
figure 5.1. The wake features a pronounced momentum deficit with a velocity minimum
that moves away from the wall non-linearly when developing downstream. The rate at
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which the maximum deficit is lifted off the wall decreases downstream, as expected by the
lower intensity of the upwash motion induced by the primary pair of streamwise vortices.
A nearly horizontal wake is thus observed at the end of the measurement domain, similar
as observed at approximately x/h=30 in the PIV study of Herges et al. (2010a, Ma=1.4,
h/δ=0.36). Different velocity magnitudes can be observed in the lower neck region, which
is the region between the maximum deficit and the wall. Since the larger micro ramp
(MR4) emerges more above the momentum thickness and the recirculation of high
momentum fluid penetrates deeper at the bottom of the wake, a higher magnitude is
obtained there.

Figure 5.1 Contours of streamwise velocity of MR3 (top) and MR4 (bottom). Distance
and velocity quantities are expressed in non-dimensional form using ramp height (h) and
free stream velocity (U∞), respectively.
A detailed analysis of the streamwise velocity evolution is achieved by extracting
wall-normal profiles at three positions x/h=12, 22 and 32 (figure 5.2). The maximum
deficit at x/h=12 corresponds to a velocity of approximately 70% of the free stream value
and is located at two ramp heights. The wake recovery is dominated by the strong
turbulent mixing occurring at the shear layer and the point of minimum velocity moves
upward as a result of the coherent upwash motion. Simultaneously, the velocity defect is
filled and flattened, probably as a result of turbulent diffusion. Although the chosen
scaling offers a better collapse when compared to that based on the boundary layer
thickness or momentum thickness, some discrepancy between the profiles of MR3 and
MR4 can still be observed. The aforementioned larger magnitude in the neck region of
MR4 is represented by the mismatch of the boundary layer profiles, indicating that this
part does not follow a scaling with the ramp dimensions.
The streamwise velocity profile in the center plane has also been inspected in the
previous LDA study of Babinsky et al. (2009) and RANS study of Ghosh et al. (2010).
Both studies were carried out at Ma=2.5, but had slightly different height ratios, h/δ=1.0
for the LDA study and 0.92 for the RANS study. Streamwise velocity profiles at x/h=13.3
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and 23.3 are compared with current measurements (see figure 5.3). The deficit region
appeared at a lower position for a free stream condition at Ma=2.5. The profiles extracted
from LDA measurements follow that of MR4 in the neck region, suggesting a similar rate
of boundary layer recovery. A slower boundary layer recovery was predicted instead by
RANS, which is especially evident at x/h=13.3. The position of the wake upper edge is
clearly higher for the present experiments, which is partially ascribed to the smaller value
of the height ratio. However, also Mach number effects may need to be considered in this
case as the reference data is based on free stream Mach number of 2.5 corresponding to a
larger convective Mach number for the shear layer, as opposed to the present case.

Figure 5.2 Profiles of streamwise velocity of MR3 and MR4 at three positions of x/h=12,
22 and 32.

Figure 5.3 Comparison of profiles of streamwise velocity at two positions of x/h=13.3 and
23.3 with Babinsky et al. (2009) and Ghosh et al. (2010).
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A synthesis of the wake recovery is addressed by following the streamwise
development of the maximum velocity deficit, see figure 5.4(a). Both ramps exhibit a
similar recovery rate when expressed in non-dimensional coordinates, using the ramp
height as length scale. The minimum velocity Umin for MR4 increases from 0.7U∞ at
x/h=12 to 0.86U∞ at x/h=32, while for MR3 it increases over this domain from 0.67U∞ to
0.84U∞.

Figure 5.4 Streamwise evolution of velocity deficit Umin/U∞: (a) deficit velocity recovery;
(b) decay of velocity difference between wake core and free stream (U∞–Umin)/U∞ and
power-law fit.
According to the theoretical analysis given for fully turbulent plane and symmetric
wakes (Tennekes & Lumley 1972), the velocity difference (U∞–Umin) between the wake
core and the outer stream is expected to follows a power-law decay with respect to the
streamwise distance, namely (U∞–Umin) ~ x-2/3. By performing the power-law fit to such
95

Chapter 5
velocity differences in the present wakes of MR3 and MR4 respectively (see figure 5.4(b)),
their relations result as
𝑈min
= 1 − 2.1
𝑈∞
𝑈min
= 1 − 2.2
{ 𝑈∞

𝑥 −0.73
( )
ℎ
𝑥 −0.78
( )
ℎ

(MR3)

(5.1a)

(MR4)

(5.1b)

As shown above, the exponents returned are -0.73 and -0.78 for MR3 and MR4,
respectively. They are comparable but in excess to the value predicted from theory for a
fully developed axisymmetric wake. The difference is ascribed to the presence of
boundary layer turbulence that provides additional mixing. Therefore a more rapid
recovery of the momentum deficit takes place. The slight difference of the exponents,
instead, suggests that not all relevant scaling parameters are accounted for in the above
experiments and primarily the ratio of boundary layer momentum thickness and the ramp
height (θ/h).

5.2.2 Wall-normal velocity component
The time-averaged wall normal velocity is studied in a similar scheme as streamwise
velocity. In the center plane, an upwash region is produced under the action of the
streamwise vortex pair (see the contours of wall-normal velocity in figure 5.5). Unlike the
velocity deficit, the elevation of upwash is less steep. A much stronger upwash is
produced by MR4 and it is associated to the stronger trailing vortex. The relation between
the micro ramp height and vorticity intensity was reported in the ILES study of Lee et al.
(2010a), where the maximum streamwise vorticity (ωx,max) and circulation dropped
significantly when decreasing the height of micro ramp into half.

Figure 5.5 Contours of wall-normal velocity of MR3 (top) and MR4 (bottom).
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Figure 5.6 Profiles of wall-normal velocity of MR3 and MR4 at x/h=12, 22 and 32.

Figure 5.7 Streamwise recovery of maximum upwash velocity and power-law fit.
The difference of the upwash strength is further addressed through the V-profiles,
see figure 5.6. The significant mismatch of the V-profiles suggests the dependence of
upwash intensity on the micro ramp size. At x/h=12, the Vmax of MR3 is 0.25U∞, which is
65% of that of MR4. Upwash recovery is obvious through the flattening of profiles, but it
is more straightforward in the streamwise evolution of Vmax in figure 5.7. In this case the
discrepancy becomes smaller instead of being maintained, which could be due to the close
strength of streamwise vortices of MR3 and MR4 regardless of their distinct magnitudes
at upstream. As reported by Lee et al. (2011a), the vorticity magnitudes generated by
various MVGs were predicted to obtain similar strength far downstream (x/h>30).
The upwash intensity is also considered to follow the power-law decay, thus powerlaw fit is performed again. The resulted relations are
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𝑉max
𝑥 −1.7
= 20 ( )
𝑈∞
ℎ

(MR3)

(5.2a)

𝑉max
𝑥 −1.6
= 25 ( )
ℎ
{ 𝑈∞

(MR4)

(5.2b)

The fitted exponents for the peak upwash are much larger in absolute value, indicating a
decay rate 2.5 times of that of deficit velocity. Unfortunately, in this case, no theoretical
analysis could be found from literature that predicts the streamwise evolution of this flow
property.
In order to detect the relevance of the two significant flow structures, namely the
deficit and upwash, the loci of Umin and Vmax are compared, see figure 5.8. The location of
maximum deficit (Umin) is found to be higher than the maximum upwash (Vmax). The
vertical offset suggests that the maximum deficit is delayed with respect to the wall
normal transport.

Figure 5.8 The loci of deficit center (Umin) and peak upwash (Vmax) of MR3 and MR4.

5.2.3 Self-similarity of velocity profiles
A normalized form of streamwise velocity component related to the wake velocity
deficit can be defined as
𝑈(𝑦) =

𝑈(𝑦) − 𝑈𝐵𝐿 (𝑦)
Δ𝑈𝑑𝑒𝑓𝑖𝑐𝑖𝑡

(5.3)

where U(y) is the velocity in the controlled boundary layer, UBL(y) is velocity in the
undisturbed boundary layer and Δ𝑈𝑑𝑒𝑓𝑖𝑐𝑖𝑡 (Δ𝑈𝑑𝑒𝑓𝑖𝑐𝑖𝑡 >0) is the velocity difference between
the maximum deficit and the corresponding position in the undisturbed boundary layer,
see figure 5.9(a). By applying this type of normalization, the wake velocity magnitudes
are scaled to the same range with maximum deficit being 𝑈𝑑𝑒𝑓𝑖𝑐𝑖𝑡 =−1.0. The y-coordinate
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normalization is done by first shifting the origin towards the maximum deficit position
and then being divided by the height of maximum deficit (ydeficit):
𝑦=

𝑦 − 𝑦𝑑𝑒𝑓𝑖𝑐𝑖𝑡
𝑦𝑑𝑒𝑓𝑖𝑐𝑖𝑡

(5.4)

The resulted profiles subsequently have normalized 𝑦̅-axis origin at the deficit center
and 𝑦̅ = −1 at the wall position. The normalized profiles at x/h=12, 22, and 32 for both
ramps are shown together in figure 5.10. A good degree of similarity is exhibited for the
upper and lower shear layers in the deficit profiles.

(a)
(b)
Figure 5.9 Definitions of the quantities used in streamwise (a) and wall-normal (b)
velocity normalizations.
The wall-normal velocity is normalized with the peak upwash velocity Vmax
following
𝑉(𝑦) =

𝑉(𝑦)
𝑉𝑚𝑎𝑥

(5.5)

̅𝑢𝑝𝑤𝑎𝑠ℎ = 1.0 . Similar as the
so that the normalized peak upwash has a value of V
normalization of the deficit profiles, the vertical coordinate of the upwash profile is also
shifted towards the peak upwash and divided by the height of the peak upwash (yupwash):
𝑦 − 𝑦𝑢𝑝𝑤𝑎𝑠ℎ
𝑦=
(5.6)
𝑦𝑢𝑝𝑤𝑎𝑠ℎ
Definitions of Vmax and yupwash are sketched in figure 5.9(b). In the resulted profiles, the
peak upwash is located at y̅=0 while the wall position at y̅=-1. The normalized profiles at
x/h=12, 22 and 32 are plotted in figure 5.11 where similar profiles are displayed. Based on
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the above observations, both the deficit and upwash profiles exhibit features of selfsimilarity under the described normalization approach.

Figure 5.10 Normalized profiles of deficit velocity at various positions.

Figure 5.11 Normalized profiles of upwash velocity at various positions.
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5.3 Decay of turbulent property
The decay of turbulent fluctuations is investigated through assessing the
development of the RMS of velocity components (〈𝑢’〉 and 〈𝑣’〉) and the Reynolds shear
stress (𝑢’𝑣’). Next to documenting these properties, it will also be attempted to find
possible self-similarity features of the decay revealed by appropriate scaling.

5.3.1 Velocity fluctuations
Increased level of velocity fluctuations occurs in the micro ramp wake, an overall
observation can be achieved in the contours of 〈𝑢’〉 and 〈𝑣’〉 in figure 5.12 and figure 5.13,
respectively. Note that in the figures the upper and lower edges of the wake defined by the
inflection points in the velocity profiles are overlaid for reference by the black lines. The
velocity fluctuations follow the trend of the wake elevation, and the decay of fluctuation
magnitude is evident from upstream to downstream. For example, 〈𝑢’〉max of MR4 is
0.06U∞ at x/h=32, which is about 60% of the magnitude at x/h=12. The increased
fluctuation within the wake was also measured by Herges et al. (2010a) using PIV and it
was explained as a consequence of the streamwise vortices. However, current results
reveal that peaks of 〈𝑢’〉 and 〈𝑣’〉 concentrate closer to the upper edge, where the K-H
phenomenon dominates, which produces a vigorous motion of the shear layer edge.
More insights can be achieved from a further analysis of the profiles of 〈𝑢’〉 and 〈𝑣’〉.
Considering the profiles of 〈𝑢’〉 and 〈𝑣’〉 at x/h=12, 22.8 and 32 in figure 5.14 and figure
5.15, the wake region corresponds to the portion within the profiles with elevated
fluctuation amplitudes. A comparison to the results of Herges et al. (2010a, Ma=1.4,
h/𝛿=0.36) at x/h=22.8 is made. In the profile of 〈𝑢’〉 , a similar upper-region peak was
measured with a slightly stronger magnitude, whereas the lower part exhibited similar
strength as the near wall region and no particular peak value was resolved. In the profile
of 〈𝑣’〉, an increased magnitude can be seen across the entire wake region, but with a lower
intensity, about 60% of current measurement. Further comparison between peak values
of 〈𝑢’〉 and 〈𝑣’〉 reveals also a decrease in the anisotropy nature of the turbulence properties.
At x/h=32, 〈𝑣’〉 max is approximately 1.6 times of 〈𝑢’〉 max, suggesting strong anisotropy
upstream. In contrast, comparable peak magnitudes, approximately 0.06U∞, are achieved
at x/h=32, which means the wake tends to behave more as isotropic turbulence in the later
flow due to the wake decay.
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Figure 5.12 Contours of 〈𝑢’〉 for MR3 and MR4.

Figure 5.13 Contours of 〈𝑣’〉 for MR3 and MR4.
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Figure 5.14 Profiles of 〈𝑢’〉 from MR3 and MR4 at x/h=12, 22.8 and 32. The result of
Herges et al. (2010a) at x/h=22.8 is also included after adjustment into non-dimensional
units.

Figure 5.15 Profiles of 〈𝑣’〉 from MR3 and MR4 at x/h=12, 22.8 and 32. The result of
Herges et al.(2010a) at x/h=22.8 is also included after adjustment into non-dimensional
units.
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5.3.2 Reynolds shear stress
The Reynolds shear stress 𝑢′𝑣′ is a measure of the turbulent mixing activity in the
flow and generated by mean flow shearing effects. Concentration of negative peaks are
thus produced along the upper edge, see figure 5.16. Symmetric peaks of positive value
can also be observed. They are above the lower edge in the first half of current FOV, and
start to fall over the lower edge in the next half. Comparison of the loci of quantities
including 𝑢′𝑣′max, 𝑢′𝑣′min and Vmax gives the relations among them. The three loci of MR4
are shown in figure 5.17, making evident that 𝑢′𝑣′max follows Vmax. As a result, the positive
peaks of 𝑢′𝑣′ are more likely associated with the event of peak upwash. The 𝑢′𝑣′ profile
from Herges et al. (2010a) at x/h=22.8 is also compared with current measurement (figure
5.18). Negative values of the Reynolds shear stress were returned in the whole wake with
a similar magnitude as current experiments, whereas no evidence of positive peak was
measured, possibly due to the lower upwash magnitude.

Figure 5.16 Contours of Reynolds shear stress 𝑢′𝑣′of both ramps in nondimensional units.

Figure 5.17 Loci of (𝑢′𝑣′)min, (𝑢′𝑣′)max and Vmax from MR4.
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Figure 5.18 Comparison of profiles of 𝑢′𝑣′ at x/h=22.8, the profile from Herges et al.
(2010a) is included after adjustment into non-dimensional units.

5.3.3 Self-similarity of turbulent quantities
In order to explore the self-similarity of turbulent quantities, the velocity
fluctuations are normalized with their peak values following
〈𝑢’〉 =

〈𝑢’〉
〈𝑢’〉max

(5.7)

〈𝑣’〉 =

〈𝑣’〉
〈𝑣’〉max

(5.8)

Since there are symmetric peaks of Reynolds shear stress, it is normalized with the
difference between the two peaks using
′𝑣 ′ =
𝑢̃

(𝑢′ 𝑣 ′ )
∆(𝑢′ 𝑣 ′ )

∆(𝑢′ 𝑣 ′ ) = (𝑢′ 𝑣 ′ )max − (𝑢′ 𝑣 ′ )min

(5.9a)
(5.9b)

Considering the increased magnitude mainly concentrates within the wake region, the
normalized profiles are shifted towards the center of the wake, which is the average of the
upper and lower edge positions. The height of the wake center is chosen as the spatial
normalization scaling. The normalization of vertical distance can thus be expressed as
𝑦 − 𝑦𝑐𝑒𝑛𝑡𝑒𝑟
𝑦=
(5.10a)
ℎ
1
𝑦𝑐𝑒𝑛𝑡𝑒𝑟 = (𝑦up + 𝑦low )
(5.10b)
2
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where ycenter is the y-coordinate of wake center, yup and ylow are the y-coordinates of upper
and lower edges, respectively (defined on the basis of the inflection points of the velocity
profile).
′ 𝑣 ′ are shown in figure 5.19(a)~(c),
The normalized profiles of 〈𝑢’〉 , 〈𝑣’〉 and 𝑢̃
respectively. A good degree of similarity are exhibited by the profiles under current
scaling parameters, although slight scattering effect can be observed within the wake
region.

Figure 5.19 The normalized profiles of turbulent quantities at three positions for MR3 and
MR4: (a) the normalized streamwise velocity fluctuation 〈𝑢’〉, (b) the normalized wall′𝑣′.
normal velocity fluctuation 〈𝑣’〉; (c) the normalized Reynolds shear stress 𝑢̃
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5.4 Instantaneous flow structure
As already remarked in the previous analysis, the instantaneous flow exhibits
features not present in the time averaged flow field, referring in particular to the
prominent effect of the K-H instability (see one flow realization of MR4 in figure 5.20).
The K-H instability is characterized by the wave-like structure at the top of the wake, and
a train of vortex is shed following the development of the unstable wave. The swirling
vectors of the K-H vortices in a convective reference frame are visualized in figure 5.21
by subtracting a constant value of 0.87U∞ from the streamwise vector component, a
similar method as already used in Chapter 4. Vortex shedding in the micro ramp flow has
received only moderate attention until the studies of Blinde et al. (2009), Li & Liu
(2010a), Lu et al. (2010b). One immediate result from the vortical activity is the distortion
of the velocity field, which consequently results in local high speed and low speed packets
on either side of the K-H wave. The relatively long streamwise extent of the current
investigation allows the study of the subsequent flow development, in particular the
occurrence of the vortex paring which is a typical event occurring in the later stages of the
K-H vortex shedding instabilities. Since at downstream the wake is lifted sufficiently
away from the wall, which reduces the interface with turbulent flow in the direct vicinity
of the wall, the exploration of the possible flow instability is more easily accomplished.

Figure 5.20 Instantaneous velocity field in the center plane of MR4: (a) contour of u; (b)
contour of v.
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Figure 5.21 Instantaneous vorticity field in the center plane of MR4. Vortices are
visualized in a convective frame by subtracting a value of 0.87U∞ from the streamwise
component.

5.4.1 Vortex pairing
Vortex pairing is featured with a pair of closing-up vortices in the process of vortex
shedding and subsequently results in a larger wave-length downstream after the merge of
the previous two. One pair of vortices about to merge can be seen at around x/h=23 in
figure 5.21. This region is also enlarged in figure 5.22, and the two pairing vortices have a
shortened distance of about 1h.

Figure 5.22 Close-up view of vortex pairing that takes place in the flow snapshot in figure
5.21.
In order to identify the onset of vortex pairing and the evolution of wave-length,
spatial auto-correlation of the instantaneous vorticity fields is adopted. The procedure of
auto-correlation is the same as that used in the previous chapter. It could be briefly
expressed through
𝑁𝐹

𝐶 = ∑ 𝑐𝑛
𝑛=1
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𝑀

𝑁

𝑐𝑛 (𝛿𝑥, 𝛿𝑦) = ∑ ∑[𝛺𝑛 (𝑖, 𝑗) × 𝛺𝑛 (𝑖 + 𝛿𝑥, 𝑗 + 𝛿𝑦)]

(5.10b)

𝑖=0 𝑗=0

where Ωn(i,j) is the vorticity intensity in the n-th snapshot, cn is the auto-correlation result
of an individual snapshot and C is the summation of auto-correlations in the entire dataset
containing NF snapshots. Note that the positive vorticity is filtered out before autocorrelation operation. For the current purpose, the auto-correlation window is shifted
towards various streamwise positions. Different auto-correlation window sizes have also
been used to exclude the error associated with window size (WS). A three-dimensional
representation of the auto-correlation result is shown in figure 5.23. Note that the central
peak P0 in figure 5.23 is too large and exceeds the current range. There are two prominent
secondary positive peaks symmetric to the central one. The wave-length is thus
determined by measuring the distance between the central peak and either of the two
secondary peaks. The additional lower positive peaks beside the secondary ones confirm
the periodic generation of the K-H vortices.

Figure 5.23 Three-dimensional representation of the auto-correlation peaks in the region
of x/h=18.5~25.5 for MR4.
The wave-length evolution of MR4 retrieved using four different WSs, namely
WS=5~8h, is presented in figure 5.24(a). Similar evolution trends are returned by most
WSs, although scatter exists. Further averaging of the wave-length evoloutions retrived
from the valid WSs provides a smoothed result, see figure 5.24(b). The wave-length is
approximately 1.8h and 1.7h for MR3 and MR4 respectively at x/h=15. An evident jump
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occurs at around x/h=20 and the wave-length increases to about 2.5h till the end of
measurement domain.

Figure 5.24 The wave-length evolution (a) wave-length evolution of MR4 retrieved using
four window sizes; (b) averaged wave-length evolutions of MR3 and MR4.
The wave-length evolution is, on one hand, associated with vortex motion speed in
the shear layer, which is determined by the mean shear velocity. In the current case, the
mean shear velocity in the upper shear layer increases from 0.73U∞ to 0.82U∞ in
x/h=16~28 for MR3, whereas it increases from 0.74U∞ to 0.83U∞ in the same range for
̅ 𝑥 /U
̅𝑥
MR4. Hence a mean shear velocity increase ratio of U
=28
=16 = 1.1 is resulted for
ℎ
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both MR3 and MR4. The distance between two vortices should grow naturally following
the vortex speed increase. Basically the downstream wave-length should be about 1.1
times of the upstream one for MR3 and MR4 provided that no vortex pairing takes place.

Figure 5.25 Probability densities of wave-length retrieved by vorticity field snapshot autocorrelation in three streamwise windows (WS=7h) centered at (a) x/h=16; (b) x/h=22; (c)
x/h=28.
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According to the current wave-length evolution as revealed in figure 5.24(b), the
wave-length increases at a larger ratio of 1.32 and 1.46 for MR3 and MR4 respectively in
the region of x/h=16~28. The actual increase ratio is cosidered to be also influenced by
vortex pairing, which is supposed to increase wave-length by a factor of 2. In order to
reveal the occurance of vortex pairing, probability densities of the wave-length calculated
in streamwise windows (WS=7h) centered at x/h=16, 22 and 28 are shown in figure 5.25.
It is apparent that the dominant wave-length shifts approximately from 2h to 2.5h, which
is because of the natural increase of mean shear velocity. The doubled wave-length
(λ𝑑𝑜𝑢𝑏𝑙𝑒 /ℎ ≈ 3.5) caused by vortex pairing accounts for about 7% in the upstream region
of x/h=12.5~19.5, and its probability increases gradually to about 10% in the the region of
x/h=18.5~25.5 and eventually stays at 17% and 12% in the last region for MR3 and MR4
respectively. Therefore, vortex pairing takes place with greater probability in the far
downstream.
Note that there are also very large and very low values of wavel-length occurring in
the probability histograms, although they only constitute a small fraction. In order to
explain the cause of the two extremes, a typical auto-correlation result is firstly shown in
figure 5.26(a), where the decreasing peaks represent the regularly alinged K-H vortices
along the upper shear layer. The very large value of wave-length is resulted from an autocorrelation as shown in figure 5.26(b). Although a peak close to the central one is resolved,
it has a smaller magnitude than the most outward one. As a result, the wave-length is
determined to be the distance between the central peak and most outward peak, namely
4.2h in the current case. Similarly, the very small value of wave-length is associated with
a stronger peak very close to the central one (figure 5.26(c)). Physically, this may happen
when two strong K-H vortex are rather close, namely vortex paring is taking place.

Figure 5.26 Auto-correlation results of instantaneous vorticity snapshots: (a) typical wavelength; (b) very large value of wave-length; (c) very low value of wave-length.
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5.4.2 Vortex generation in the lower part
Wavy pattern and associated high speed packets, resembling that on the upper part,
can also be observed in the lower region of current FOV from approximately x/h=15 in
figure 5.20, which is beyond the previous Tomo-PIV experiment in the near wake in
Chapter 4. These structures at the lower part also resemble the features of the K-H
instability. They occur when the wake is lifted sufficiently away from the wall so that the
unstable wave in the remaining parts of the wake interface is allowed to penetrate into the
bottom region. The micro ramp wake is therefore fully wrapped by the corrugated surface
in this downstream region.
In the vortical field, vortices with counter rotation relative to the ones in the upper
shear are consequently produced in the lower region. According to the observation of the
entire ensemble, the vortices in the lower layer appear in pair with the K-H vortices in the
upper wake, which suggests that the arc-shape vortex could be connected from the bottom
and features a full ring. The vortical field in figure 5.21 is one example, where two
apparent pairs of vortices can be seen at the end of the domain.
In order to give further statistical support to this hypothesis of vortical activity and
vortex ring formation, the auto-correlation of the instantaneous vorticity field is computed
within three regions, namely (12~19)h, (18.5~25.5)h and (25~32)h, corresponding to the
different wake development phases, referred to as Region I~III respectively. The size of
auto-correlation window is chosen to be 7h×4.5h, which is wide enough according to the
WS effect test in the previous subsection. Since positive correlation peak suggests the
spatial relation of the K-H vortices in the upper shear layer, the negative peak is thus a
proof of the spatial correlation between the vortices in the upper and lower layers.
The auto-correlation maps of Region I~III are explored in detail, see figure 5.27 for
the results of MR4. The triple-positive-peak structure appears in all the three regions, and
the wave-length for the upper layer K-H vortex is estimated to be λ1=2.0h, 2.6h and 2.6h
respectively. The apparent increase of wave-length is driven by vortex pairing, as
discussed earlier. Isolated sharp negative peaks can be seen in Region II and III. The
vortex with positive vorticity in the lower layer are thus produced simultaneously with the
one in the upper layer forming a forward inclination of about 45○ in both regions. By
measuring the distance between the two negative peaks, the wave-length in the lower
layer is λ2=2.8h, slightly larger than λ1. A different pattern of negative correlation is
observed in Region I, where the negative peaks are not as sharp as in Region II and III.
Thus the stripe region highlighted with negative correlation suggests that the occurrence
of vortex shedding is not correlated with upper layer vortex. Since at downstream the two
counter vortices obtain close correlation, they can be considered as imprints of a ring
vortex in agreement with the ring vortex model proposed by Li & Liu (2010a).
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Figure 5.27 Contour maps of auto-correlation of instantaneous vorticity filed of MR4: (a)
Region I x/h=12~19; (b) Region II x/h=18.5~25.5; (c) Region III x/h=25~32.
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5.4.3 A conceptual model of the flow organization
To consolidate the analysis on the vortical activity in the developing micro ramp
wake, a conceptual model describing the evolution of vortical organization is presented in
figure 5.28. In this model, the previous descriptions of Babinsky et al. (2009), Li & Liu
(2010a) and the one in the Chapter 4 are incorporated and considered as partial stages or
elements of the complete evolution. In the immediate vicinity downstream of the micro
ramp, the streamwise vortices may occur as focused filaments. The curved free shear layer
around the wake, however, quickly becomes unstable and the associated arc-shape K-H
vortex is generated. Further downstream, following vortex pairing, the wave-length of
instability phenomenon is increased. Due to the downward motion induced by the
streamwise vortices, the leg portions of these arc-shape K-H vortices extend to the bottom
side of the turbulent wake, which eventually leads to the vortex ring formation in the far
wake. The process of vortex ring formation is illustrated in the bottom right portion of
figure 5.28. Speculation can be made to wake downstream of the current measurement
extent. The ring vortex will be subject to turbulent distortion and eventually breaks down.
Accompanying the evolution of K-H vortex, the streamwise vortices decay at a fast rate
and are influenced by the presence of K-H vortex. Thus they become only weak fragments
in the far wake.

Figure 5.28 Conceptual model of the vortical organization in the micro ramp wake.
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5.5 Conclusions
Based on the reported results of the time-averaged velocity, the turbulent statistics
and the statistical analysis of the instantaneous flow fields, the properties of the micro
ramp wake decay at the center plane and the associated vortical activity can now be
summarized.
Scaling the streamwise distance with the micro ramp height, similar magnitude of
the streamwise velocity deficit is produced by the considered micro ramps, whereas a
stronger upwash is generated by the larger micro ramp, which is ascribed to the stronger
streamwise vortices resulting from that device. The streamwise velocity deficit and the
upwash exhibit different rates of decay. Comparing the loci of maximum deficit and peak
upwash, the former occurs at a higher location. According to the normalization of the
velocity profiles, self-similarity of the streamwise and wall-normal components is
observed in both the upper and lower shear layers.
Anisotropy of velocity fluctuations is observed in the micro ramp wake at upstream
with 〈𝑣′〉 stronger than 〈𝑢′〉, whereas both quantities obtain similar intensity at downstream
due to the faster decay of 〈𝑣′〉. The Reynolds shear stress 𝑢′𝑣′ in the center plane obtains
near symmetric peaks. The negative peak is associated to the vortex production and
follows closely the position of upper shear layer, while the positive peak is likely to be
associate to upwash activity as loci of 𝑢′𝑣′ max and Vmax overlap. For each of the three
turbulent quantities, the normalized profiles overlap with acceptable degree respectively,
suggesting a possible self-similarity.
In the instantaneous flow, the well-organized time-averaged flow is greatly affected
by the K-H instability and the vortical flow obtains great complexity. Observation of the
instantaneous realizations as well as the wave-length evolution retrieved from statistical
spatial auto-correlation confirm the vortex pairing, which determines the transition of the
micro ramp wake. Apart from the instability of the upper layer, the elevation of the wake
allows the vortex generation mechanism to penetrate also into the lower region of the
conical wake. The present data provides experimental support that this ultimately leads to
a vortex ring formation from the connection of the arc-shape K-H vortex.
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ILES for micro ramp wake
(Sun, Z., Scarano, F., van Oudheusden, B. W., Schrijer, F. F. J., Wang, X., Yan, Y. & Liu,
C., Numerical and experimental investigations of the flow behind a supersonic micro
ramp, AIAA Journal, accepted and to appear in 2014)

Implicit large eddy simulation (ILES) technique is employed to study the micro
ramp wake. The ILES results are first validated by ample comparisons with the Tomo-PIV
results on the time-averaged velocity, turbulent statistics and vortex intensity. Although
some discrepancies are observed on the intensity of the upwash motion generated by the
streamwise vortex pair, the rates of the recovery of momentum deficit and the decay of
streamwise vortex pair intensity are found in good agreement. The instantaneous flow
organization is inspected making use of the flow realizations available from ILES. Special
interest is placed on the evolution of the three-dimensional K-H vortex in the resulted
turbulent wake, and the conceptual flow model proposed in Chapter 5 is validated.

6.1 Introduction
The micro ramp wake has also been studied numerically apart from experimental
approaches. As reviewed in Chapter 2, RANS and ILES are the major numerical tools
adopted. RANS has been used by Galbraith et al. (2009) and Ghosh et al. (2010) to
investigate the micro ramp flow. Focus was placed to reveal the global effects of micro
ramp on SWBLI, including the separation reduction, the topology of controlled separation
region and the velocity distribution in the micro ramp wake. The results were also
compared with wind tunnel measurements, however, discrepancy between simulation and
experiment exists in certain regions, especially in the center plane. Thus improvement of
numerical algorithm is still necessary to produce better prediction, which could be
achieved by using optimized turbulence model etc.. ILES is a turbulence modelling
technique which requires more computation resources and is dedicated for revealing the
instantaneous flow structure. This technique has been adopted by Lee et al. (2009, 2010,
2011a, 2011b, 2012). In that series of ILES studies, the major emphasis was also placed
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on the evaluation of control effects of various types of MVG, which actually did not fully
use the advantage of ILES technique. Although comparison with experiment was carried
out, but only the simulated streamwise velocity profiles was validated with wind tunnel
measurement, more extensive comparisons are required to reveal the strength of ILES and
weak points as well, so that to deliver a better evaluation. In the meantime, the group from
the University of Texas at Arlington also utilized ILES and reported a series of results (Li
& Liu 2010a, 2010b, 2011, Li et al. 2011, Yan et al. 2011, 2012a, 2012b). By using the
high-order scheme, i.e. the fifth-order WENO scheme, the significant flow instability that
happens on the wake shear layer and the instantaneous vortical structure were resolved.
Much efforts were later devoted to the investigation of the instantaneous structure.
Although the instantaneous flow structure was qualitatively validated by laser smoke
visualization (Lu et al. 2010b), no quantitative validation are available.
The present chapter is going to study the micro ramp wake numerically by means of
ILES as a supplement of the experimental studies in the previous two chapters. In
consideration of the insufficient validation of the previous ILES studies, the current result
will be compared through most of the major flow parameters in the time-averaged sense,
including the velocity components, peak vorticity magnitude. Based on the extensive
comparisons, a more complete evaluation is thus available and guidelines for the future
application can be proposed. Since time-resolved flow realizations can be delivered by the
ILES technique, the evolution of the K-H vortex may be studied in a Lagrangian way,
such that the conceptual model proposed in Chapter 5 can be validated.
In the following sections, specifications of the simulation case are first introduced.
The comparison with the Tomo-PIV data is later performed in the time-averaged flow,
which is followed by the observations of the unsteady flow features. Furthermore, a
phenomenological analysis on the K-H vortex evolution is given on the large-scale flow
organization in different stages of the wake.

6.2 Numerical case description
6.2.1 Micro ramp geometry and inflow conditions
The geometry of the micro ramp considered in ILES also follows the work of
Anderson et al. (2006), and it is shown in figure 6.1, where the micro ramp in the
experimental studies is also included for comparison as slight modifications are adapted.
The height of the micro ramp is h=4 mm, the chord length and half span angle are chosen
at c=6.85h and α=24°, respectively. The minor modifications include a β=70°declining
angle at the trailing edge and the slightly shortened chord length of c=6.73h. These
modifications are made with the purpose of improving grid orthogonality at the trailing
edge of the MVG. According to the studies of Li & Liu (2010), micro ramps with trailing
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edge modification produced all the major flow structures, such as the streamwise vortex
pair and the K-H vortex train. Moreover, the very small value of the velocity in the small
separated region in the vicinity of micro ramp, which may be influenced by the trailing
edge angle, has a negligible importance to the dominant features in the MVG wake.

(a)
(b)
Figure 6.1 Geometric dimensions of micro ramps in ILES (a) and Tomo-PIV (b).
As the simulation was performed by solving governing Navier-Stokes equations in
non-dimensional form, the relevant size parameter is given by the ratio between the device
height and the undisturbed boundary layer thickness (h/δ). The boundary layer in the wind
tunnel has a thickness of 5.2 mm, h/δ is then 0.8, while this ratio is kept the same as in
ILES. The Mach number in both the PIV and ILES is at Ma=2.0. The achievable
Reynolds number based on the boundary layer momentum thickness is Reθ=5,760,
approximately 1/3 of that in the experiment. In view of this limitation, the primary interest
of present comparison is placed on the behaviour of large scale turbulent structures. The
most relevant flow parameters are summarized in Table 6.1.
Table 6.1 Flow parameters in ILES and Tomo-PIV
Parameter
ILES
Tomo-PIV
Ma
2.0
2.0
h/δ
0.8
0.8
H
1.4
1.2
Reθ
5760
13,600

6.2.2 Flow domain and grid generation
The size of the simulation domain is 50h10h7.5h (lhw). The micro ramp is
installed along the center line at 11.1h downstream of the inlet, allowing a sufficient
development of the turbulent boundary layer so that it reaches the desired thickness. On
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both sidewalls of the simulation domain periodic boundary conditions are applied. The
conical wake was estimated to extend to a width of approximately 4h when fully
developed, so it can be considered that the influence of the periodic boundary condition is
negligible. The origin of the coordinate system is placed at the point where the micro
ramp apex projected onto the floor so as to conform to the established usage of coordinate
system in the previous chapters and literature. The detailed dimension of the
computational domain is depicted in figure 6.2.

Figure 6.2 Geometric dimensions of the simulation domain for ILES: (a) top view; (b)
side view; (c) isometric view.
The simulation domain totals a number of grid nodes equalling
nx×ny×nz=1600×192×137. The entire flow domain is divided into three grid regions,
namely the initial region, the rear region and the ramp region. Wall grid clustering is
applied for all the regions and y+ for the first grid point from the bottom wall equals to
1.36. The grid is uniformly distributed in streamwise and spanwise directions for both the
initial and rear region. Due to the complex geometry of the micro ramp, a body fitted grid
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is generated to have sufficient orthogonality. The grid in the micro ramp region is shown
in figure 6.3. In order to guarantee a smooth transition between the uniform grid in the
initial and rear regions and the non-uniform grid in the neighbourhood of the micro ramp,
two transition regions are implemented. For a more detailed discussion on the grid
generation procedure of the micro ramp region the reader is referred to Li & Liu (2010a,
2010b).

Figure 6.3 Grids around the micro ramp.

6.2.3 Numerical methods
The techniques used for the present simulation, including the numerical algorithm,
the treatment of boundary conditions have been carefully documented in previous works
(Li & Liu 2010a, 2010b) and therefore are only described briefly here. The N-S equations
were solved in non-dimensional form. The ramp height represents the unit length and the
fluid dynamic properties are made non-dimensional with the free stream flow conditions.
Fifth-order WENO scheme was used for convective term discretization, while central
difference was used for the viscous terms. The explicit third-order TVD-type Runge-Kutta
scheme was chosen for temporal discretization. Non-slip condition was applied to the
bottom the wall, a periodic boundary was applied to the symmetric sidewalls, and a nonreflection condition was used for the upper boundary. The inflow condition was obtained
from a DNS simulation of a turbulent boundary layer (Liu et al. 2011). Details of the
present approach and analysis of its accuracy can be found in the works of Li & Liu
(2010a, 2010b).
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6.2.4 Spatial independence and time integration
It is well known that obtaining statistically converged datasets from LES and DNS
simulations is a challenge from the viewpoints of computation time and data storage. In
the present work the simulation is performed for 152,500 time steps after the transient
shock wave has passed the flow domain, corresponding to a total physical time of T*=0.62
ms. The mean flow field is achieved by averaging 305 correlated realizations. In the
current simulation the physical time-marching step is estimated to be Δt=4×10-9 s. Each
500 time-marching step (ΔT=2×10-6 s) is stored in the ensemble for statistical evaluation.
A convergence study of time integration for time averaging is performed by comparing
velocity averaged from first 122,000 time steps (0.8T*) and from the total 152,500 steps
(1.0T*). The time-averaged streamwise velocity profiles at x/h=6.7 in the center plane are
compared in figure 6.4(a), only slightly discrepancy exhibits in the deficit portion and
upper shear layer. Thus convergence can be considered.
Considering the expense of current numerical simulation, the grid resolution study
was performed by increasing grid points of the baseline grid by 20% for each of the
computational coordinate directions. The dense grid is thus about 1.7 times of the current
one. The time-averaged streamwise velocity profiles at the same position as in figure 4(a)
are compared in figure 4(b) and the resulted profiles are quite similar.

Figure 6.4 Comparisons of wake profiles at x/h=6.7: (a) profiles averaged from 0.8T* and
1.0T*; (b) averaged profiles from grids with different densities.
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6.3 Comparisons of mean flow quantities and turbulent
statistics
The time-averaged flow properties, including mean velocity (U,V), turbulent
statistics (〈𝑢′〉, 〈𝑣′〉, Reynolds shear stresses) and peak vorticity associated to streamwise
vortex, are firstly compared. The above comparisons represent a crucial step for the
validation of turbulence simulation capabilities. The instantaneous flow features are
compared at a qualitative level by inspecting snapshots, in order to give a general
characterization of the pattern of large-scale motions. Finally, attention is placed on the
unsteady organization of coherent vortices that dominate the dynamics of wake flow.

6.3.1 Turbulent boundary layer
The turbulent boundary layer in the immediate upstream of the micro ramp predicted
in ILES and that measured by PIV are compared in figure 6.5. The velocity is normalized
by the free stream magnitude U∞, which will be adopted in the following analysis. The
prediction of ILES results in a turbulent boundary layer with less full profile, indicating a
slight larger shape factor H. The discrepancy in the two profiles becomes larger when
closer to the wall, resulting in different velocity gradients. The Reynolds number effect
could be one reason, while the measurement uncertainty may also take effect, as the
measurement in the near wall region is affected by a higher uncertainty due to the light
reflection and lower particle density, although the uncertain of time-averaged is estimated
to be less than 1%U∞ in the free stream.

Figure 6.5 Comparison of undisturbed boundary layer profiles in the immediate upstream
of micro ramp
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6.3.2 Mean flow field
The mean velocity contours of normalized streamwise and wall-normal velocity
components at three streamwise stations (x/h = 10, 12 and 14) are presented in figure 6.6
(the ILES result on the left and PIV on the right). The wake exhibits a circular shape away
from the wall with a deficit in the U-component and a neck region connects it to the wall.
Moving downstream from x/h=10 to 14 wake recovery is observed, with the minimum
streamwise velocity increasing from 0.6U∞ to 0.7U∞. The wake is also lifted up away from
the wall while moving downstream as is expected due to the induced velocity by the
streamwise vortex pair. The comparison between ILES and PIV results indicates that,
despite the similar general appearance, the wake obtained by ILES is located at a slightly
higher position for x/h=10 compared to PIV. The difference, however, becomes negligible
at x/h=14. The faster rate of lifting off the surface observed in the experiments is
consistent with the more intense upwash measured in the wake center (figure 6.6 bottom
row).

Figure 6.6 Time-averaged streamwise and wall-normal velocity component at x/h=10, 12
and 14. ILES results are on the left and PIV on the right. Top row: contours of U/U∞;
Bottom row: contours of V/U∞.
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A more detailed comparison is made by extracting the profiles of U in the center
plane, as plotted in figure 6.7. The presence of the wake is very prominent and it is
enclosed by two shear layers. The strongest top shear layer delimits the wake from the
outer flow, whereas the bottom one develops between the wake and the near-wall region.
The overlap of the shear layers resulting from ILES and PIV is reasonable, although the
upper shear layer resulting from ILES at x/h=10 is slightly thicker and positioned higher,
which is consistent with the observation in figure 6.8. Furthermore it can be observed that
the velocity deficit in the wake is similar for ILES and PIV, it recovers faster in the ILES
results which is especially evident at x/h=14.

Figure 6.7 Profiles of streamwise velocity component in the center plane at three positions
of x/h=10, 12 and 14.

Figure 6.8 Profiles of wall-normal velocity component in the center plane at three
positions of x/h=10, 12 and 14.
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Moving to the wall-normal velocity component, it is observed from the contours in
figure 6.6 that the strength of both the upwash and downwash obtained by the ILES
appears to be less than that measured with PIV. This is an important observation because
the wall-normal component can be directly associated to the intensity of the flow induced
by the streamwise vortex pair. A more detailed comparison can be made using the Vprofiles in the center plane as plotted in figure 6.8. The peak upwash at x/h=10 is
measured to be Vmax=0.34U∞ by PIV, while a reduced peak of 0.24U∞was obtained for the
ILES computations. This difference is maintained when in downstream stations.

6.3.3 Turbulent statistics
The velocity fluctuations are computed by taking the RMS of each velocity
fluctuation component. The distributions of 〈𝑢′〉 and 〈𝑣′〉 in a cross-flow plane at x/h=12
are plotted in figure 6.9, with the left half being ILES result and the right half PIV result.
According to figure 6.9(a), peak fluctuations of streamwise velocity can be observed
along the location of the averaged quasi-circular shear layer. The spatial distribution of the
streamwise velocity fluctuation returns a marked discrepancy between ILES and PIV
results. It can be seen that 〈𝑢′〉max from ILES is slightly higher compared to PIV and that
the fluctuations follow the location of the shear layer better. Furthermore it is observed
that the PIV results show reduced fluctuations in the top region, which is not expected.
The peak fluctuation of wall-normal velocity 〈𝑣′〉max concentrates in the inner wake. These
fluctuations are also regarded as a result of the flow shear layer instability, which
undulates the flow in vertical direction at the upper edge of the wake. Although the
general distributions of 〈𝑣′〉 at current plane from both approaches are similar, the peak
region of 〈𝑣′〉 from PIV tends to follow the curvature of shear layer, while that predicted
by ILES is not as sharp. In this case, the moderate agreement could be ascribed to the
limited size of the ensemble for second order statistics estimation from ILES results.

Figure 6.9 Contours of velocity fluctuations at x/h=12: (a) streamwise component 〈𝑢′〉, (b)
wall-normal component 〈𝑣′〉.
126

ILES for micro ramp wake
The Reynolds shear stress components in the same cross-flow plane at x/h=12 are
compared in figure 6.10. As 𝑢’𝑣’ is a measure of the shear stress in the vertical direction,
negative peaks are expected in the top part of the shear layer, where the mixing in the wall
normal direction is maximum. Accordingly, symmetric peaks of 𝑢’𝑤’are produced on both
sides of the quasi-circular shear layer. Both ILES and PIV reveal a consistent distribution
of Reynolds shear stresses, although the magnitude is higher in the ILES results. In order
to reveal both components of the Reynolds shear stress that are of prime importance in the
shear layer, their norm is computed and plotted in figure 6.10(c). The region containing
peak values follows the (quasi-circular) curvature of shear layer, clearly indicating the
mixing activity.

Figure 6.10 Contours of Reynolds shear stress components at x/h=12: (a) 𝑢’𝑣’, (b) 𝑢’𝑤’, (c)
2

2

√(𝑢′𝑣′ + 𝑢′𝑤′ )⁄2.

Figure 6.11 Profiles of turbulence quantities in the center plane at x/h=12: (a) 〈𝑢’〉, (b) 〈𝑣’〉,
(c) 𝑢’𝑣’.
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A further detailed evaluation is made through comparison of wall-normal profiles at
the center plane of the wake. The profiles of 〈𝑢’〉, 〈𝑣’〉 and 𝑢’𝑣’ at x/h=12 are plotted in
figure 6.11. The largest discrepancy is found for the streamwise velocity fluctuations 〈𝑢’〉,
which is predicted about 25% larger by ILES than the PIV result. Nevertheless, the spatial
distribution is very similar with a sharp increase moving from outside the wake through
the upper shear layer. The comparison of 〈𝑣’〉 profiles in figure 6.11(b) returns an overall
good agreement, although the ILES result features a plateau region at the maximum rather
than a concentrated peak. The Reynolds shear stress 𝑢’𝑣’ comparison also agrees rather
well for the upper shear layer, whereas a larger discrepancy is observed in the lower
portion of the wake. Furthermore both locations of the local maximum correspond well.

6.3.4 Time-averaged streamwise vortices
It is well known that the primary streamwise vortex pair is the major working
mechanism of the micro ramp device (Babinsky et al. 2009), and an accurate prediction of
the vortex strength is crucial for further investigation of the control effect towards SWBLI.
Therefore special attention is directed at the streamwise vortex filaments and they are
compared in terms of peak streamwise vorticity component, which represents the vortex
strength and reference data is available from literature (Yao et al. 2009, Lee et al. 2011a).

Figure 6.12 Comparison of the streamwise evolutions of peak streamwise vorticity,
normalized by U∞/h.
The comparison of peak streamwise vorticity magnitudes is addressed in figure 6.12,
where a rapid decay of the streamwise vortices is exhibited through the evolution of
maximum vorticity. At approximately x/h=18, the decay slows down and the peak
vorticity reduces to about 10% of its original strength at x/h=2. Unfortunately due to the
limited measurement volume of Tomo-PIV experiment, only a partial comparison can be
conducted within a streamwise portion starting from x/h=8~15. From figure 6.12 it is
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found that the ILES and PIV results correspond rather well, although ILES consistently
produces slightly lower values. There are also other literatures on the peak vorticity
evolution of MVG. In the ILES work of Lee et al. (2011a) on the Mach number effects of
the micro ramp wake, similar rapid decay of streamwise maximum vorticity was revealed
at three Mach numbers and at the point of x/h=30, ωx,max was also about 1/10 of the
strength when at immediate downstream of micro ramp. Yao et al. (2009) measured the
vortex evolution produced by single micro vane using Stereo-PIV in subsonic flow of
U∞=34 m/s, the maximum streamwise vorticity at x/h=30 also decreased to about 1/10 of
that at the most upstream.
In conclusion, the above comparisons yield an impression of the overall ILES
accuracy. The streamwise velocity, turbulent statistics are in relatively good agreement
with experiment. A discrepancy on the upwash intensity is displayed and ascribed to the
streamwise vortex strength underestimation.

6.4 The instantaneous flow
6.4.1 Velocity field
The flow topology of the instantaneous realization is expected to differ remarkably
from that observed on the mean, as large scale fluctuations originating from the K-H
instability become apparent. The instantaneous flow in the wake as obtained from the
ILES computations is shown in figure 6.14 through the streamwise velocity contours in
cross-flow planes at x/h=1, 10, 20 and 30. The streamwise vortices are easily identified by
the overlaid vectors. The velocity distribution immediately downstream of the micro ramp
at x/h=1 is nearly symmetric which suggests that large scale flow unsteadiness is not yet
present at this stage. The two primary streamwise vortices are located at approximately
the same height at about 0.5h above the wall. A pair of secondary vortices can be
observed in the vicinity of wall due to the shearing between the primary vortex and wall.
The secondary vortices are prominent flow structures in the near wake region and have
been addressed by several authors. Babinsky et al. (2009) revealed the secondary vortex
filaments though oil flow visualization and they are later included in the model describing
the mean vortical structure.
In the flow cross-section at x/h=10 (figure 6.14(b)), the wake containing low
momentum fluid elevates to about y=2h, and becomes barely symmetric by tilting to one
side, suggesting that the flow unsteadiness takes effect and undulates the wake structure.
The primary streamwise vortices follow the wake elevation and obtain a height of
approximately 2h and have a lateral distance of about 1.5h, which is similar as in x/h=1.
The secondary vortices close to the wall cannot be observed in the current plane, as the
shear between primary vortex and wall vanishes once the vortices are lifted sufficiently
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high. By inspecting the lateral cross-sections in the current flow snapshot, it is found that
secondary vortices persist till about three ramp heights downstream. In the surface flow
visualization of Lu et al. (2010b), the secondary vortices survived until about 3.5h
downstream according to the oil tracks in the visualization images. Since the primary
vortices are anticipated to stay close to the wall to execute maximum boundary layer flow
control, and the secondary vortices are also able to assist momentum exchange in a
smaller spatial scale as well, it could be inferred that the control effect deteriorates once
the wake lifts up.

Figure 6.14 Contours of instantaneous streamwise velocity (u/U∞) in cross-flow planes at
different streamwise positions, three-dimensional vectors are projected for vortex
visualization.
When moving downstream to x/h=20 (figure 6.14(c)), the wake deficit region
expands further to a width of approximately 2h and is elevated to about 2.5h. The velocity
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deficit in the wake reduces and the minimum velocity increases from 0.5U∞ at x/h=10 to
0.7U∞. Following the expansion of the wake, the distance between two streamwise vortex
filaments increases to about 2h and they are both located at a different height. The wake at
x/h=30 becomes significantly distorted, however the wake stays at approximately the
same height with respect to the wall, suggesting a horizontal wake far downstream. When
moving further downstream the coherence of the flow structures becomes rather weak.

6.4.2 Flow instability at the wake edge
In the previous two chapters it has be found that the instantaneous flow field is
strongly affected by the presence of the K-H instability that occurs at the wake edge. To
illustrate this two cross-sections are shown in figure 6.15 encompassing the center plane at
z/h=0 and a horizontal plane at y/h=2. Both planes are extracted from the same flow
snapshot. The flow instability at the edge of the wake is characterized by a wavy boundary
enclosing the micro ramp wake. Different from the time-averaged flow, the instantaneous
wake region has a series of intermittent packets containing high or low speed respectively,
which are produced following the local flow motion enforced by the K-H vortices.

Figure 6.15 Cross-sections of instantaneous streamwise velocity (u/U∞) taken from the
ILES computations, (a) center plane at z=0, (b) horizontal plane at y/h=2.
In order to provide detailed observation on the interaction between the K-H vortices
and the surrounding flow, the rear part of the horizontal cross-section from x/h=24 to 30 is
enlarged in figure 6.16. Note that in order to better visualize the presence of the vortices a
constant value of 0.87U∞ has been subtracted from the streamwise component when
plotting the vectors. In the figure the K-H vortices are identified by the solid circles.
According to the direction of the vortices, local flow acceleration or deceleration are
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observed in the outer and inner sides of the wake edge respectively. When the micro ramp
wake expands and reaches about 3h in width at the end of the domain, secondary vortices
with opposite rotation compared to the primary ones are observed inside the wake region
(indicated by the dashed circles). These vortices are also visualized in Chapter 4.
Although a shear layer develops on both the top and bottom sides of the far wake in
figure 6.15(a), initially K-H instability is observed only on the top side. It appears on the
bottom after x/h=8. As revealed by Yan et al. (2011), the flow instability is associated to
the inflection point in the shear profile. The delayed generation of the instability in the
lower side can thus be attributed to the late formation of the shear layer.

Figure 6.16 An enlarged view of the horizontal plane at y/h=2, when plotting the vectors a
constant value of 0.87U∞ is subtracted from the streamwise component for vortex
visualization.

Figure 6.17 An enlarged view within the center plane in figure 6.15(a) to visualize vortex
pairing.
The downstream development of the K-H instability is furthermore studied by
analysing the distance between two K-H vortices. According to the vortex visualization in
figure 6.16, the streamwise distance is about 3h at x/h=26, while upstream at x/h=8 it is
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only 1h. The increase of the wave-length is the outcome of vortex pairing, through which
two vortices merge into one. One pairing process taking place in the center plane of figure
6.15(a) is enlarged in figure 6.17. Also here the convective velocity is subtracted to clarify
the presence of vortices. According to the visualization, two K-H vortices at around
x/h=17 obtain a closer distance of 0.5h and are about to merge.

6.5 Vortical evolution
As has been shown in the previous sections, the micro ramp wake contains
streamwise vortices that directly originate from the MVG device and K-H vortices
induced through shear layer instability. Therefore in order to better understand the
working principle of the device a description of the vortical organization is of great
importance. In this section, an overview of the evolution of the vortical organization is
given, after which the downstream evolution of the K-H vortex is studied.
The vorticity field belonging to the instantaneous flow field reported in the previous
section is provided in figure 6.18(a)(b). While the streamwise vortex filaments are
represented through the iso-surfaces of ωx (where red is negative and blue is positive), the
K-H vortex is represented through a green iso-surface of 𝜔𝐾𝐻 = √𝜔𝑦2 + 𝜔𝑧2 since it
contains the main components of the vorticity vector). The time-averaged streamwise
vortex filaments are also represent in figure 6.18(c)(d) to better reveal the behaviour of the
embedded vortices in the instantaneous snapshot.
The aforementioned growth of the flow instability can be observed in a more
straightforward manner by the formation and break-up of K-H vortices. In addition, the
increasing distance between two adjacent K-H vortices when moving downstream is very
apparent.
When developing downstream, the properties and orientation of the K-H vortices
change. In the near wake region (x/h<10) the K-H vortices are aligned regularly, moving
further downstream they undergo undulations in the lateral plane, where notable
distortions in spanwise and wall-normal directions can be observed. Similarly, the
streamwise vortex filaments are also distorted in close relation with the K-H vortices,
whereas they are nearly parallel in the near wake region. Downward and outward motions
as observed in figure 6.18 may eventually lead them to the merge with the K-H vortices.
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(a)

(b)

Figure 6.18 The vortical field represented through vorticity iso-surfaces, light green: isosurface of 𝜔𝐾𝐻 = √𝜔𝑦2 + 𝜔𝑧2, red: iso-surface of 𝜔x>0, blue: iso-surface of 𝜔x<0. (a) top view
of instantaneous snapshot; (b) side view of instantaneous snapshot; (c) top view of timeaveraged field; (d) side view of time-averaged filed.
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In order to further study the downstream growth of the K-H vortices, the evolution
of one K-H vortex generated at around time t0=96ΔT is studied, as it can be tracked almost
till the end of current simulation. Three significant evolution stages are selected to display
the corresponding characteristics, see figure 6.19. Following the foregoing analysis, 𝜔𝐾𝐻 is
again used for K-H vortex identification. While the high-speed packet is the product of
vortical motion, it must follow the shape of K-H vortex. As a result, the iso-surface of
streamwise velocity equalling 1.1U∞ (red) is overlaid in addition to the vorticity isosurface.

Figure 6.19 Temporal evolution of one K-H vortex: (a) early stage: arc-shape K-H vortex
at x/h=6; (b) intermediate stage: arc-shape K-H vortex with inward curved legs at x/h=10;
(c) fully developed stage: ring-shape K-H vortex at x/h=18. High-speed packet is
represented through iso-surface of streamwise velocity with u/U∞=1.1 (red), K-H vortex is
represented through iso-surface of 𝜔𝐾𝐻 (light blue), non-dimensionlized by U∞/h.
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The K-H vortex in the near wake at x/h=6 (figure 6.19(a)) is visualized through isosurface equalling 𝜔𝐾𝐻 =2.1. It is evident that the K-H vortex at this stage is of an arc shape,
which conforms to the description in Chapter 4. As anticipated, the high-speed packet
follows the curvature of the K-H vortex, and consequently displays a similar arc-shape
with slightly larger diameter. Recalling the flow cross-sections in figure 6.15, the high
speed blobs located at the exterior of the wake are actually cross-sections of the highspeed arc.
When in the intermediate stage at x/h=10, the K-H vortex is also visualized through
iso-surface of 𝜔𝐾𝐻 =2.1 (figure 6.19(b)), however difference is displayed, where the leg
portion of the arc vortex exhibits substantial curvature and finally extends into the bottom
side of the wake. The inward motion of the leg portion is primary ascribed to the rotation
enforced by the streamwise vortex. For the purpose of explanation, vectors in the lateral
plane at x/h=9.5 are projected to visualize the vortical motion. Considering the flow
motion induced by the primary vortex pair, downward trend is resulted and is
subsequently followed by the inward motion (see the red arrows in figure 6.19(b)), which
eventually forces the K-H vortex to penetrate into the lower side. Again the high-speed
packet resembles the K-H vortex and is also shown in figure 6.19(b), where the extended
legs are especially clear.
This K-H vortex keeps on growing, and its appearance at x/h=18 is shown in figure
6.19(c). The K-H vortex is now visualized using iso-surface of 𝜔𝐾𝐻 =1.6, a smaller value
than previous two, suggesting the decay of vortex intensity. In the current visualization,
the curved legs of K-H vortex connect at the bottom side and a full ring is formed.
Accordingly the induced high speed packet obtains a similar ring shape at the outer edge
(figure 6.19(c)). If close attention is switched to the bottom side of the ring vortex, the
vortex filament stretches into the wake core and forms a concave ring.
So far the K-H vortex has been detected to appear as arc-shaped and ring-shaped at
different evolution stages, the former is dominant in the near wake region, while the latter
is mostly formed in the far wake. The transition from arc to ring is fulfilled through
inward movement of leg portion induced by streamwise vortex filaments. So far it can be
seen that the ring vortex model of Li & Liu (2010a) only describes the K-H vortex in the
far wake instead of the entire development

6.6 Conclusions
The wake produced by the micro ramp immersed in a supersonic turbulent boundary
layer is investigated by means of ILES. An extensive comparison with Tomo-PIV
measurement in Chapter 4 is performed. Although the quantitative agreement is limited
(due to mismatch in Reynolds number) there is an agreement concerning some flow
parameters and the overall flow field structure.
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Analysis has been carried out based on the flow realizations from simulation. The
wake is observed to lift off the surface with its streamwise evolution and becomes nearly
horizontal in the far wake. The instantaneous wake is featured with flow instability of KH type and the associated vortical structure, namely the K-H vortex. Instability
phenomenon grows in the current realizations and is characterised by the increased wavelength of the unstable wave, which is fulfilled through vortex pairing process. The
streamwise filaments are revealed to exhibit distinctive behaviours in different flow
regions. While they appear as focused filaments in streamwise direction, outward and
downward motions are significant in the far wake causing the merge with the leg portions
of K-H vortex.
The evolution of K-H vortex has been studied. Since flow instability is not
developed in the lower side of the wake close to the device trailing edge, it is initially
generated as arc-shape vortex. A similar arc but with inward-extended legs is present in
the intermediate region. The inward motion is terminated when the ring vortex is formed.
As a result, the K-H vortex develops from arc shape to ring and a progressive model is
needed to describe the vortical organization in the micro ramp wake.
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Conclusions & Outlooks
7.1 Experimental and numerical flow diagnostics
The description of the complex unsteady flow field past the micro ramp in a
supersonic turbulent boundary layer flow introduces a number of issues in relation to the
extension of the PIV technique to such type of flows. Similarly, the main points that
address the challenge of performing a numerical simulation of this flow are summarized
below.

7.1.1 Application of PIV in high speed wall turbulence
Both the planar and tomographic PIV configurations have been successfully
integrated into the supersonic wind tunnel for wall turbulence measurement. In order to
achieve a reliable 3D velocity field in the present investigations, some issues other than
the standard procedures in PIV experiment, such as controlling seeding concentration and
light reflection, also need to be overcome.
Seeding particle concentration
Obtaining seeding tracers in a sufficient amount has been known to be a nontrivial
technical task in the application of PIV instrumentation in high-speed wind tunnels. The
large mass flow rate of a supersonic wind tunnel requires equivalently large mass flow
rate for seeding generation and distribution, which is difficult to attain with seeding
generators designed for low-speed closed-loop wind tunnels. The seeded stream in the
current experiments in supersonic wind tunnel required careful and dedicated adjustments
of the injection points. Moreover, the MVG wake and the wall region of the high speed
boundary layer exhibit lower density and in turn lower seeding concentration. From
experimental practices, more than sufficient seeding concentration (0.05 ppp) could be
reached in the Tomo-PIV measurements. In contrast for planar experiments the density of
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particle images seldom exceeds 0.02 ppp in the wake under the same seeding
configuration. As a result, a uniform global seeding strategy was chosen for Tomo-PIV
experiment for the near wake (injection upstream of the settling chamber), whereas a
locally seeded flow was used for the planar measurement (selected injection location in
the stagnation chamber).
Light illumination
Noise is introduced in the digital particle image when light is reflected and scattered
from the wind tunnel wall and the MVG model. The light sheet probe introduced from
behind the measurement region was aligned tangential to the wall greatly eliminating the
reflections from the wall, however those coming from the model could not be avoided,
which limited the most upstream location of the observation region. The commonly used
rhodamine coating that absorbs green light and emits in the red wave-length range
exhibits limited reflection reduction capability when the laser light pulse energy exceeds
100 mJ as in the present case. Therefore the measurements in the close vicinity of the
model (x/h<4) could not be obtained as the range is dominated by reflection. This scenario
changes significantly for the Tomo-PIV experiment as the illumination density is lowered
and evenly distributed. As a result, simple rhodamine absorbing coating could attenuate
the reflection to an acceptable level.

7.1.2 Numerical simulations
The ILES technique was used to describe the unsteady turbulent flow before and
past the MVG. The computations were done by using a 5th-order WENO scheme and a
dedicated study showed that numerically converged results could be obtained in this case.
Nevertheless, the Reynolds number attainable by computations based on boundary layer
momentum thickness was about one third of that in experiment (Reθ=13,600).
The possibility to interpret the flow pattern close to the MVG allows validating
previous studies on flow topology in the very near wake. It was equally relevant to the
observation of late stages of the shear layer instability in the far wake.
Specific attention is requested in the management of the dataset obtained from ILES,
as each raw data file for one flow realization is about 1.4 GB and a dataset of a few
hundred GBs will be easily reached when performing statistical analysis. For this purpose,
post-processing was carried out in binary single precision format.
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7.2 The micro ramp wake
7.2.1 Mean flow field
The wake produced by the micro ramp exhibits a momentum deficit (low
streamwise velocity) and a pronounced upwash motion induced by the effect of the
streamwise vortex pair trailing from the micro ramp. Downwash motions also associated
to the vortical activity are produced on the sides of the wake region. The observations are
consistent with the flow structure conjectured and observed in the previous studies.
The micro ramp height is chosen as a scaling length for the wake decay. The region
of maximum deficit moves upward in the near wake and eventually becomes nearly
horizontal after about 20 ramp heights. The decay of the deficit velocity magnitude and
upwash intensity is concluded to follow power-law decay. The former has a decay rate
comparable to the theoretical estimates available for an axis-symmetrical fully developed
turbulent wake, while the latter has a rate about 2.4 times of the former indicating that
large scale instabilities may play a role in distorting the upwash motion induced by the
streamwise vortex pair. Self-similarity property is revealed in the upper and lower shear
layers in the U-profiles and upwash of profiles in the wake center plane.
The maximum amplitude of RMS velocity fluctuations is attained between the shear
layer axis and the region of maximum deficit, and it is associated to the flow undulation
under the action of the unstable shear layer. Velocity fluctuation amplitude also decays
rapidly suggesting a transition towards a more isotropic turbulence. Reynolds shear stress
exhibits negative values of 𝑢’𝑣’ in the wake upper edge where a shear layer is present.

7.2.2 Instantaneous flow organization
The instantaneous flow organization differs remarkably from that of the mean flow
due to the effects of the Kelvin-Helmholtz type flow instability at the wake edge. The near
wake boundary consequently rolls up into a wave-like structure following the motion of
embedded K-H vortex. The latter features an arc shape that encloses the quasi-conical
wake.
The activity of K-H vortex is superimposed to that of the streamwise vortex pair and
a complex three-dimensional interaction is revealed by the tomographic PIV
measurements. A pattern recognition analysis is performed in order to yield a conditional
averaged flow pattern that would preserve the dominant mechanism of the unsteady flow
behaviour. This has been applied to Tomo-PIV data, revealing an organization where the
streamwise vortex filaments exhibit outward and downward motions at the presence of KH vortex, which lead to the possible connection with leg portions of K-H vortex.
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Pairing of K-H vortices is also revealed to take place after about 20 ramp heights,
leading to intensified rotation of fluid bulges as well as to an increase of wave-length of
the instability phenomenon. It appears that the combined effects of vortex pairing and
lifting from the wall are the main factors for the arc-shape vortices to connect in the lower
part leading to ring-shaped vortices. From the ILES simulations these vortices are
observed to undergo further instabilities breaking down in the far wake.

7.3 Outlooks
7.3.1 MVG effects on separation reduction
Since both the time-averaged topology and instantaneous flow organization in the
micro ramp wake have been covered through the literature and the present thesis, the
research focus can be directed to the more efficient use of the micro ramp in flow
separation reduction associated with SWBLI.

Figure 7.1 The removal of mean and instantaneous SWBLI induced separations by
placing a micro ramp 15δ ahead of interaction region (flow reversal is within the white
region, Giepman et al. 2012).
Some preliminary work is going on in the aerodynamics group in TU Delft
(Giepman et al. 2012), where the removal of the separation area was observed in both
instantaneous and mean flows by placing the micro ramp 15δ ahead of interaction region,
see figure 7.1. As discussed in Chapter 5, vortex pairing was detected to take place after
about 20 micro ramps, which signals the decay of instability phenomenon. The distance
between the micro ramp trailing edge and region of SWBLI probably should be kept
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within this range, so that the coherent wake could interact with SWBLI. Further studies
should examine the effect of the MVG distance from the interaction on the occurrence of
separation reduction, and seek for an optimal distance.

7.3.2 Interaction of micro ramp wakes
The present thesis focuses on the wake resulted from a single micro ramp. However,
such devices are practically installed with array configuration, either single line or
staggered. According to the current study the lateral expansion of the micro ramp wake
will not exceed the device width within 30 ramp heights downstream, thus the wakes can
develop without mutual interaction with their neighbour ones. On the contrary, wake
interactions become possible in the staggered-array configuration, see figure 7.2. An
obvious question arises: what happens in the interaction region and will the control effects
be eliminated or enhanced by the merge of wakes? Blinde et al. (2009) investigated the
staggered-array configuration for SWBLI induced separation reduction. However, that
study mainly concentrated on the control effects, and the details of the wake region were
not explored, which requires further investigations.

Figure 7.2 Wake interactions in staggered-array configuration.

7.3.3 Interaction of coherent structures and shock wave
The MVGs are proposed to control boundary layer separation resulting from the
interaction with impinging or emerging shock waves. Although the MVGs are understood
to manipulate the boundary layer by shedding steady streamwise vortices, K-H vortices
that superimpose the streamwise ones may provide additional contribution for separation
reduction or flow stabilization when interacting with the shock wave system, as
conjectured by Li & Liu (2011c). Some works were conducted to investigate the
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behaviour of this particular phenomenon. The available outcome can be seen as the
distortion of the shock wave emanating from a compression corner, as shown in figure 7.3.
However, it cannot be concluded whether the distorted shock wave will produce a weaker
or stronger SWBLI. On the other hand, the effect of the shock wave on the development
of the K-H vortices, in particular the wave-length contraction after the shock wave and the
related stability properties, have not been fully studied. Answering these open questions
has not only practical importance in flow control but also offers an additional opportunity
to understand other flow mechanisms, especially in the areas of compressible turbulence,
flow stability and transition.

(a)
(b)
Figure 7.3 Interaction of K-H vortex with shock wave visualized by numerical Schlieren:
(a) vortex before shock wave; (b) vortex after shock wave (Li & Liu 2011c).
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Validation for flow symmetry
Planar PIV experiments were performed to demonstrate that the time-averaged wake
generated by micro ramp is symmetric with respect to the micro ramp geometrical
symmetric plane (z=0). The experimental setup and results are briefly discussed here.

A.1 Experimental setup
Planar PIV technique was adopted for the purpose of flow symmetry validation. A
total of 8 streamwise planes which are symmetric with respect to the center plane were
measured, namely z=±0.25w, ±0.5w, ±0.75w, ±1.0w, where w is the ramp width One
SensiCam QE camera was used and aligned normal to the laser sheet. The field of views
were in the range of x=5h~14h, resulting in a digital image resolution of 31 µm/pixel.
DEHS particles were also chosen as the flow tracer. The same laser as that used in
Chapter 4 and Chapter 5 was used for flow illumination. The recording repetition rate was
set at 5 Hz and 200 particle image pairs were recorded for each spanwise position. The
uncertainty magnitude for the time-averaged streamwise velocity is within 1%U∞. A
schematic of the experimental setup is shown in figure A.1.

Figure A.1 Schematic of the experimental setup (laser probe and wind tunnel body are
omitted for clarity).
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A.2 Results
The profiles of streamwise velocity component at x/h=8, 10, 12 and 14 are compared
through figure A.2~A.5. The maximum offset for streamwise velocity component can be
found in the wake region at x/h=10 in the planes at z=±0.25w, which is about 1%U∞, while
the offsets in the other positions are less than 1%U∞. The profiles of wall normal
component at the same positions are compared in figure A.6~A.9. The largest offset can
be seen at x/h=12 in the planes of z=±0.75w and it is less than 1%U∞. As a result, the
time-averaged flow generated by micro ramp can be considered symmetric with respect to
the micro ramp center plane.

Figure A.2 Comparisons of time-averaged streamwise velocity within x/h=8~14 in the
streamwise planes at z=±0.25w.

Figure A.3 Comparisons of time-averaged streamwise velocity within x/h=8~14 in the
streamwise planes at z=±0.5w.
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Figure A.4 Comparisons of time-averaged streamwise velocity within x/h=8~14 in the
streamwise planes at z=±0.75w.

Figure A.5 Comparisons of time-averaged streamwise velocity within x/h=8~14 in the
streamwise planes at z=±1.0w.

Figure A.6 Comparisons of time-averaged wall normal velocity within x/h=8~14 in the
streamwise planes at z=±0.25w.
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Figure A.7 Comparisons of time-averaged wall normal velocity within x/h=8~14 in the
streamwise planes at z=±0.5w.

Figure A.8 Comparisons of time-averaged wall normal velocity within x/h=8~14 in the
streamwise planes at z=±0.75w.

Figure A.9 Comparisons of time-averaged wall normal velocity within x/h=8~14 in the
streamwise planes at z=±1.0w.
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Wave-length in the near wake
Wave-length of K-H instability is calculated in three smaller regions in the center
plane of Tomo-PIV measurement I, namely x/h=8.6~12.2, 10.2~13.9, 11.9~15.5. This
operation is performed by auto-correlating the vorticity fields in the center plane. The
auto-correlation maps are shown in figure B.1. According to the auto-correlation results
the wave-length in the three regions can be determined to be λ1=1.2h, λ2=1.3h and λ3=1.3h,
respectively. The wave-length values are very close and no vortex paring takes place in
this flow region.
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Figure B.1 Averaged auto-correlation maps of instantaneous vorticity fields in three
streamwise regions: (a) x/h=8.6~12.2, (b) x/h=10.2~13.9, (c) x/h=11.9~15.5.
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