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SUMMARY

This thesis deals with the flow around truncated bodies of revolution. Such flows
are encountered in a variety of engineering applications relevant to the aerospace
transportation industry, notably to space launcher vehicles. The work focuses on the
unsteady behavior of the wake and particularly on the dynamics of the recirculation
region behind the base.

The manuscript starts with a survey of the past literature on the topic of turbulent
axisymmetric wake flows. Salient aspects are discussed mainly in relation to flow
topology and dynamical behavior. The vortex shedding process is examined along
with the associated instabilities, namely the large-scale wake oscillations, the backflow
azimuthal meandering and the transition scenarios exhibited by the wake across the
different flow regimes.

Chapter 3 illustrates the current methodology of investigation. The flow facility and
the geometrical models used in the experiments are described. The operating principles
of the Particle Image Velocimetry (PIV) technique are summarized. The main contributions
of uncertainty affecting the present results are defined. Details are provided of the Proper
Orthogonal Decomposition (POD) procedure adopted in the analysis of the large-scale
fluctuations.

The influence of base geometry and symmetry on the behavior of a turbulent
incompressible reattaching flow is addressed in Chapter 4. Afterbody geometries
with varying diameter ratios are discussed as to model axisymmetric backward facing
step (BFS) flows of varying step heights. Any increase in the afterbody diameter induces
earlier shear layer reattachment and inhibits the large-scale shear layer fluctuations.
Comparison with equivalent planar BFS flows reveals an opposite scaling of the
reattachment distance for the axisymmetric and the two-dimensional flow case,
with convergence towards small values of the step height.

The large-scale fluctuations of the turbulent wake behind a circular base
are spatio-temporally characterized in chapter 5. It is found that the wake
dynamics is dominated by very-low-frequency backflow fluctuations in
proximity of the stagnation point on the base, while it undergoes a global
radial displacement closer to the rear-stagnation point.

The very-low-frequency turbulent wake unsteadiness is examined in chapter 6
under the effects of a small pitch angle. It is found that the reversed-flow region
tends to stabilize away from the body axis of symmetry with increasing angles between
the body and the freestream flow. Analysis of the instantaneous velocity field and
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POD of the velocity fluctuations gives evidence of a backflow large-scale unsteadiness
only within 0.1° deviations from axisymmetric inflow conditions.

The near-wake azimuthal organization in presence of an afterbody is analyzed in
chapter 7 within different azimuthal-radial planes behind the base and for different
diameter ratios. The afterbody is found not to alter the shear layer behavior
significantly, but it interferes with the inner backflow meandering. It is
shown that the wake unsteadiness of an afterbody flow is dominated by the
shear layer development.

The main findings from the preceding chapters are summarized at the end of the
manuscript. The conclusions of the present research are drawn and possible directions
for future research on the topic of turbulent wake dynamics are outlined.
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SAMENVATTING

Dit proefschrift is gewijd aan de stroming rond afgeknotte omwentelingslichamen.
Zulke stromingen komen voor in verschillende technische toepassingen die relevant zijn
voor de luchtvaart- en ruimtevaartindustrie, zoals met name lanceerraketten. Het werk richt
zich vooral op het instationaire gedrag van het zog en in het bijzonder op de dynamica van
het terugstroomgebied direct achter de achterkant.

Het manuscript begint met een overzicht van de eerdere literatuur over het
onderwerp van turbulente axiaalsymmetrische zogstromingen. De voornaamste aspecten
worden besproken in relatie tot de topologie en het dynamische stromingsgedrag. Het
proces van wervelafschudding is onderzocht samen met de bijbehorende instabiliteiten
van het zog, namelijk de grootschalige oscillaties, de azimutale meandering van het
terugstromingsgebied en de transities die het zog vertoont over de verschillende
stromingsregimes.

Hoofdstuk 3 beschrijft de gevolgde onderzoeksmethode. De stromingsfaciliteit en de
geometrische modellen die in de experimenten zijn gebruikt worden omschreven. De
werkingsprincipes van de Particle Image Velocimetry (PIV) techniek worden
samengevat. De belangrijkste bijdragen tot de onzekerheid in de huidige resultaten
zijn gedefinieerd. Details worden gegeven van de Proper Orthogonal Decomposition
(POD) procedure die is gebruikt bij de analyse van de grootschalige fluctuaties.

De invloed van de geometrie en symmetrie van de modelachterzijde op het gedrag
van een heraanliggende onsamendrukbare turbulente stroming komt in hoofdstuk 4 aan
de orde. Achterlichaam geometrieén met variabele diameterverhoudingen worden besproken, die
zijn gemodelleerd als een axiaalsymmetrische achterwaarts gerichte stap (BFS = backward facing
step) met variérende staphoogte. Een verhoging van de diameter van het achterste deel induceert
een eerder heraanliggen van de losgelaten shear layer en belemmert de grootschalige fluctuaties
ervan. \ergelijking met gelijkwaardige tweedimensionale configuraties vertoont een tegengestelde
schaling van de afstand tot heraanliggen voor het axiaalsymmetrische en het tweedimensionale
geval, met convergentie voor kleine waarden van de staphoogte.

De grootschalige fluctuaties van het turbulente zog achter een ronde achterzijde
zijn ruimtelijk-temporeel gekarakteriseerd in hoofdstuk 5. Er is gevonden dat het zog
wordt gedomineerd door zeer-laagfrequente fluctuaties van het terugstroomgebied in de
nabijheid van het stuwpunt op de basis, terwijl deze een globale radiale verplaatsing
ondergaat meer in de nabijheid van het achterste stuwpunt.

De gevolgen van een kleine instellingshoek op de zeer-laagfrequente turbulente
zog wankel is onderzocht in hoofdstuk 6. Het blijkt dat met toenemende hoek tussen
het lichaam en de vrijestroming het terugstroomgebied zich op afstand van de
symmetrieas van het lichaam neigt te stabiliseren. Analyse van het instantane
snelheidsveld en POD van de snelheidsfluctuaties tonen aan dat de grootschalige



beweging van het terugstroomgebied slechts optreedt binnen 0,1° afwijking van de
axaalsymmetrische aanstroomconditie.

De azimutale organisatie van het nabije zog in aanwezigheid van een achterlichaam
wordt geanalyseerd in hoofdstuk 7, in verschillende azimutaal-radiale vlakken achter het
model en voor verschillende diameter verhoudingen. Het achterlichaam blijkt het gedrag
van de shear layer niet aanzienlijk te veranderen, maar het interfereert met de
meanderende beweging van het terugstroomgebied. Er wordt aangetoond dat het
instationaire gedrag van het zog in aanwezigheid van een achterlichaam wordt
gedomineerd door de ontwikkeling van de shear layer.

De voornaamste bevindingen uit de voorgaande hoofdstukken worden
samengevat aan het einde van het manuscript. De conclusies van dit
onderzoek worden getrokken en de mogelijke richtingen voor toekomstig
onderzoek op het onderwerp van turbulente zogdynamica worden geschetst.
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Introduction

CHAPTER 1

INTRODUCTION

1.1 Background

The complexity of axisymmetric base flows challenges human talents since the
early thousands. In his Livres des merveilles du monde (ca. 1300) Marco Polo
reported of tubes filled with gunpowder and used as aerial fireworks during religious
festivity in Song’s China. These so-called fire arrows were equipped with a bamboo
elongation to increase trajectory stability and became useful as incendiary weapons
against the invasion of the Mongols (Fig. 1.1). After the Mongolian’s siege of
Baghdad in 1258 this technology spread to Middle East and Europe and has been
developing ever since.

Figure 1.1 Chinese rockets against Mongol army during the battle of Kai-Keng in 1232. Painting
by Charles Hubbell. Courtesy of TRW Inc. and Western Reserve Historical Society, Cleveland
(Ohio).

The need for understanding and controlling the motion of such objects triggered
a great deal of research in the field of external ballistics, leading to the adoption of a
standard elongated blunt-based ogive-nosed configuration (cf. Siacci 1888). The
latter influences the design of warfare and space transportation vehicles to the
present days (Fig. 1.2).

For these configurations the flow behavior in proximity of the blunt base, viz.
base flow, has major consequences on the performance of the body with respect to
both drag and stability. This makes base flow aerodynamics a most engaging
research topic not solely with relevance to the military sector, but also to other
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applications, ranging from the aerospace and marine transportation industry to the
sport field.

Figure 1.2 Bumper 5 launch in 1945.

To date base flow aerodynamics has built upon a century of researches.
Systematic experimental studies began in the late 1800’s with the invention of wind
tunnels and the first test campaigns performed among others by Tsiolkowsky and
Reynolds. The first research efforts mainly relied on flow visualization by means of
tracers like dye, smoke or oil (Fig. 1.3a) or on optical methods such as Schlieren
photography and shadowgraphy (Fig. 1.3b).

Figure 1.3 Smoke visualization of a spinning baseball (a). Shadowgraphy of a bow
shock in front a rifle bullet (b). From van Dyke (1982).

The subsequent developments in the field of flow diagnostics allowed for
retrieving quantitative information through probe-based measurement techniques
such as hot wire anemometry (HWA) and later by means of non-intrusive optical
measurement techniques like Laser Doppler Velocimetry (LDV) and particle image
velocimetry (PIV, cf. Westerweel et al 2012). To date the progress made in the
direction of high speed tomographic PIV (cf. Scarano 2012) allows for obtaining
time-resolved information of entire volumes of flow.
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The concurrent advancements in the informatics further opened the way to the
numerical examination of base flows, either by discretization of the governing
Navier-Stokes equations, which technique is known as computational fluid dynamics
(CFD), or by their direct numerical simulation (DNS). Particularly the introduction
of supercomputers has allowed for treating increasingly complex flow phenomena,
like those associated with transonic speeds and with turbulence, which represent
typical base flows scenarios.

a) b)

Figure 1.4 PIV measurement setup for the investigation of the transonic base flow of a
1:60 Ariane 5 model (a), from Schrijer et al (2011). Isosurfaces of streamwise vorticity
of a transonic base flow obtained by ZDES for a simplified launcher afterbody (b),
from and Pain et al (2014).

The above progress in the field of both experimental and numerical
aerodynamics has allowed for an ample characterization of base flows over the past
years. Peculiarities could be identified, which served the understanding and
prediction of these flows in the context of industrial applications. At high Reynolds
numbers which are relevant to the engineering field, the topic of base flow dynamics
emerges as being particularly complex. Contributions in the context of turbulence
(cf. Townsend 1956), especially with regards to the discovery of coherent motions,
have shed light on important mechanisms of the base flow dynamics and
significantly helped modeling their behavior (cf. Lumley 1967). However, new
complexities keep on being identified, which raise new topics of discussions.

1.2 Current knowledge

Base flow separation and near-wake topology

The motion of a bluff-reared body in a viscous fluid is always accompanied by
a massive flow separation in the back. As the flow detaches from the rear-surface
it curves its trajectory and forms a stagnation point downstream of the base. The
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outermost fluid in this region develops as a shear layer, whereas the innermost fluid
reverses its trajectory forming a further stagnation point on the base (Fig. 1.5). The
velocity defect developing between the base of the body and the rear-stagnation
point is referred to as the body near-wake. Its presence is associated with an additional
drag contribution called base drag (Roshko 1955) whose reduction has been the focus of
many investigations to the present days (cf. Choi et al 2008). While most bluff-based
geometries exhibit a similar organization, data gathered from past studies also highlight
a number of parameters influencing the near-wake topology. The latter could be mainly
related to the geometry of the body, e.g. its bluffness, and the inflow conditions, e.g. the
state of the incoming boundary layer.

eparationf>
°| Reversed
{ flow

—

Figure 1.5 Schematics of the near-wake flow past a cylinder at Rep = 26. Adapted
from van Dyke (1982).

Base flow dynamics and vortex shedding

The wake generated by a cylinder in cross-flow, or circular cylinder, is one of the
most documented wake flows in literature. This geometry induces a two-dimensional
flow separation whose streamwise location varies according to the flow regime (cf.
Williamson 1996).

The former analyses conducted by Gerrard (1966) on this kind of flow highlighted
important interactions occurring across the shear layer and involving the inner reversed
flow and the outer higher speed flow. At the Reynolds numbers of interest to most
applications, viz. diameter-based Rep > 10, these interactions are associated with a
periodic shedding of streamwise oriented vortices from alternate sides of the body
and with alternate sense of rotation. The shedding and development of these structures
generates a so-called vortex street downstream of the body (Fig. 1.6) and has been
linked with the occurrence of self-sustained large-scale oscillations of the wake
(Provansal et al 1987; Monkewitz 1988).

The shedding frequency is found to be essentially constant in the fully turbulent
regime, viz. diameter-based Re, > 10° (Gerrard 1966), not only in the circular cylinder
case, but also in other wake flows, such as those occurring past prisms
(van Oudheusden 2005) and spheres (Achenbach 1974). This characteristic frequency
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is often expressed in terms of the convective time-scales of the shed vortices using the
diameter-based Strouhal number Stp = f L/U,., where U,, is the freestream velocity and
L indicates a characteristic dimension of the body, e.g. the base diameter for axisymmetric
bodies. Typically, the Strouhal number identified with the vortex shedding phenomenon
is in the order of Sty ~ 10, with minor variations depending on the specific geometry
(Calvert 1967; Roshko 1955).

Figure 1.6 Karman vortex street past a circular cylinder at Rep = 140. Adapted from
van Dyke (1982).
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Figure 1.7 Diameter-based Strouhal number as a function of the diameter-based
Reynolds number for spheres of increasing diameters. Adapted from Achenbach (1974).

Axisymmetric base flow unsteadiness: helical mode m =1

The occurrence of vortex shedding has been linked with an absolute instability of
the shear layer (Chomaz 2005) and thus, concerns a variety of wake flows regardless
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of their specific geometry. Nonetheless, the spatial distribution of the fluctuations
resulting from the shedding process appears strongly affected by the symmetry of
the base. In particular, for bodies of revolution, such as spheres and disks oriented
perpendicular to the freestream (Achenbach 1974; Fuchs et al 1979), it has been
shown that the vortices are shed off the body as a pair of counter-rotating helices,
which pattern yields anti-symmetric fluctuations of the wake.

Figure 1.8 Flow visualization of the wake past a sphere at Rep = 202. Adapted from
Taneda (1956).

These fluctuations are typically identified with a dominant mode m = 1, often
called helical mode, and represent a major concern for many industrial applications.
In the context of the present work, a relevant example is the base flow of a space
launcher, in which case the helical mode can trigger transonic buffeting on the
nozzle protruding from the main stage. Such flow cases are widely treated in
literature, especially with respect to the design of flow control strategies (cf.
Schrijer et al 2011).

More fundamental research is also conducted on analogous, but simpler, bodies of
revolution featuring a blunt trailing edge and a protruding cylinder of smaller diameter, viz.
afterbody (cf. Dépres et al 2004; Deck and Thorigny 2009). The separated flow field
around these simpler configurations (Fig. 1.9) displays essentially the same major
features as the space launcher base flow. As such, it is usually treated as a reference
case for the study of the latter more complex geometries and is also the object of the
present research.

The latter erratic behavior is shown to dominate the wake dynamics of bluff-based
bodies (Fig. 1.10), inducing anti-symmetric fluctuations at a characteristic frequency
in the order of Stp~10° (Rigasetal 2014; Grandemange et al 2014). This
seemingly random behavior is currently considered as a very-low-frequency
contribution to the helical mode m=1 and has been linked with a continuous
reorientation of the shedding process along the azimuth.
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a) b)

Figure 1.9 Axisymmetric wake flow past a truncated body of revolution with (a) and
without central protrusion (b). Rep = 10,000. Adapted from van Dyke (1982).

As a result of this long-term instability the azimuthal-radial topology of the wake
evolves continuously and very slowly recovering its axial symmetry only in a long-term
average sense. The studies conducted in the framework of bifurcation theory
(cf. Fabre et al 2008; Bury et al 2012) consider this behavior as a chaotic state
attained at fully turbulent regime after several wake transitions. The turbulent wake
flows past annular jets (Vanierschot and Van den Bulck 2011) as well as square-back
bodies (Grangemange et al 2012b) are also found to feature an analogous very-low-frequency
unsteadiness.
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Figure 1.10 Anti-symmetric pressure fluctuating modes 1 and 2 with |m|=1 on the
base of a blunt-based cylinder. Frequency spectra (a). Color contours (b). Rep ~ 10°.
Adapted from Rigas et al (2014).

The occurrence of a long-term backflow meandering is currently considered as
the origin of the well-known turbulent wake sensitivity towards the experimental
boundary conditions. The latter used to be entirely attributed to the experimental
setup, namely the presence of a wind tunnel model support (see Fig. 1.11) and the
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accuracy of the wind tunnel model orientation with respect to the freestream flow. In
particular, it was shown by Wolf et al (2013) that sideslip angles of 0.3° between the
wind tunnel model and the freestream flow can completely disrupt the symmetry of
the near-wake. Further studies linked the presence of the model support to the
occurrence of momentum deficits (Wolf et al 2010) and even of preferred azimuthal
periodicities (Grandemange et al 2012a), with major effects on the near-wake
axisymmetry.

Figure 1.11 Sphere suspended in a wind tunnel by wires during a flow visualization
experiment. Rep = 2.3-10°. From Taneda (1956).

Notwithstanding the importance of an accurate experimental setup, the
occurrence of a very-low-frequency instability makes the symmetry a merely
statistical feature, which is only achievable upon averaging a sufficient number of
asymmetric topologies. Most importantly, the analysis of this particularly long-term
instability requires an adequate observation-time. The latter imposes significant
constraints not only to experimental investigations, but also in the context of a
numerical study of such flows.

1.3 Present research objectives

The foregoing literature review shows that turbulent base flows are intrinsically
unsteady due to the large-scale separation at the trailing edge with formation of a
wake region and to the subsequent onset of a vortex shedding process. The
symmetry of the flow emerges as being crucial in determining both the mean
topology and the fluctuating base flow behavior. The latter appears to be dominated
by the vortex shedding process as well as by the long-term meandering of the inner
bckflow region.
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Although previous research efforts have shed light on several aspects of the
turbulent wake behavior, other aspects still require further investigation. These
points are addressed in terms of the following research gquestions:

Influence of the base geometry on the separated flow behavior

The unsteady character that a wake flow exhibits at high Reynolds numbers is
strongly dependent on its spatial organization (cf. Gerrard 1966). Former parametric
investigations show that the bluffness of the body has a strong influence on both the
extension of the velocity defect and the characteristic frequency of its fluctuations
(cf. Roshko 1955; Calvert 1967). Similarly, the organization and unsteady behavior
of the so-called afterbody flows, e.g. those occurring in the base region of a space
launcher, are shown to change dramatically depending on the elongation of the
central protrusion with respect to the base (Dépres et al 2004; Wolf et al 2012).

Currently, the majority of the information on these turbulent reattaching flows is
retrieved from the data available on planar BFS geometries. Such flows are are often
regarded in literature as the planar counterpart of afterbody flows due to a number of
shared similarities. However, the data obtained for axisymmetric BFS geometries
(cf. Hudy et al 2005) reveal important differences between the two-dimensional and
the axisymmetric case.

The present work aims at assessing the extent of these differences by examining
the influence of the base symmetry on the behavior of the separated flow. Further
objective is to determine how the development of the separated flow is affected by
the base geometry.

Streamwise development of the large-scale wake unsteadiness

Turbulent wake flows display a typical large-scale unsteadiness, which is
unanimously ascribed to a vortex shedding process (Oertel 1990; Williamson 1996)
occurring with a characteristic non-dimensional frequency Sty ~ 10™ (Fuchs et al 1979).
More recent studies report of an additional unsteadiness mechanism consisting in a
meandering of the inner recirculation region along the azimuth with characteristic
frequency in the order of Stp~10° (cf. Rigas et al 2014). Currently these two
instabilities are identified with two distinct contributions of the same fluctuating
mode, namely the helical mode m = 1.

Past investigations have thoroughly characterized the streamwise development of
the fluctuations induced by the helical mode, due to its relevance to industrial flow
configurations, e.g. space launcher vehicles. On the other hand, the azimuthal
backflow meandering has been only discussed at isolated streamwise stations.

The present research aims at characterizing the streamwise development of both
unsteady mechanisms.
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Relation between flow symmetry and very-low-frequency wake unstead-
iness

The most recent discussions on the subject of turbulent wake flows focus on
understanding the long-term erratic motion of the inner recirculation region (cf.
Rigas et al 2014, 2015). This behavior is documented as an important wake
instability for a variety of configurations (cf. Vanierschot and VVan den Bulck 2011;
Grandemange et al 2014) and is found to affect both the short and the long-term
wake topology significantly. The sensitivity of turbulent wake flows towards the
experimental boundary conditions is currently attributed to this long-term wake
unsteadiness and has been examined in a number of parametric studies (cf.
Wolf et al 2013; Ashok et al 2015a, b; Grandemange et al 2012). Among those
dealing with axisymmetric geometries, none has elaborated on the link with the
above long-term backflow unsteadiness, which appears inherently related to the
symmetry of the flow.

One of the present research objectives is to investigate the effects of angular
misalignments on the very-low-frequency backflow dynamics.

Influence of the base geometry on the azimuthal wake organization and
large-scale unsteadiness

Afterbody flows are often regarded as a model of the turbulent base flow occurring
behind space launcher vehicles. Their streamwise development has been comprehensively
treated, both with regards to the mean wake topology and the ensuing fluctuating field (cf.
Schrijer et al 2014). On the other hand, the information on the azimuthal-radial
organization of such flows could be retrieved mainly from pointwise wall-pressure
measurements or numerical simulations (cf. Deckand Thorigny 2007; Painetal 2014). The
experimental results of Dépres et al (2004) and Wolf et al (2012) have shown that the
presence of the afterbody, viz. of a nozzle in the real flow case, can have a significant
impact on the shear layer development. However, its influence on the large-scale
azimuthal wake organization has not been yet examined.

1.4 Thesis outline

The most relevant aspects of turbulent axisymmetric wake flows have been
briefly reviewed in this chapter. The main points of discussions which have been
raised define the scope of the present work.

A more detailed literature survey on the topic of turbulent axisymmetric base
flows is addressed in chapter 2. The topological features of separated flows behind
bluff bodies of revolution are outlined. The onset of the vortex shedding
phenomenon and the major instability mechanisms associated with it are examined.
The related issue of the turbulent wake flow sensitivity is discussed. The wake
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topology transitions experienced by the wake over the different flow regimes are
illustrated.

An overview of the current methodology of investigation is provided in
chapter 3. The flow facility and the wind tunnel model configurations considered in
the present experiments are described. The operating principles of PIV and
stereoscopic PIV are illustrated. The main uncertainty contributions affecting the
present results are discussed. Details are given on the mathematical procedure of the
POD adopted in the data reduction.

Chapter 4 investigates the influence of the base geometry on the behavior of a
turbulent separating and reattaching flow. Axisymmetric and planar BFS flows are
analyzed for varying step heights. It is shown that the symmetry of the base leads to
crucial differences between the axisymmetric and the planar BFS flow reattachment.

The streamwise evolution of the turbulent near-wake low-frequency unsteadiness
is characterized in chapter 5. It is shown that the dynamics of the near-wake tends
to be dominated by the backflow fluctuations in proximity of the base and by the
fluctuations due to the shear layer development closer to the rear-stagnation point.

The erratic behavior of the inner backflow region is examined in chapter 6
under the effects of small pitch angles. It is shown that the wake is affected by a
very-low-frequency unsteadiness only for axisymmetric or nearly axisymmetric
inflow conditions.

Chapter 7 investigates the influence of a central protrusion on the azimuthal
topology and large-scale organization of a turbulent afterbody flow. Even for small
diameter ratios the afterbody is found to inhibit the inner backflow meandering.

Chapter 8 summarizes the findings of the preceding chapters and draws the
main conclusions of the present work.

11
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CHAPTER 2

““Chaos in the middle of chaos isn’t funny,
but chaos in the middle of order is”
Steve Martin

TURBULENT AXISYMMETRIC BASE FLOWS

Abstract A review of the existing literature on the topic of axisymmetric turbulent wakes
is addressed in this chapter. The most relevant results are reported and discussed in relation
to the near-wake topology and dynamics.
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2.1 Base flow topology

2.1.1 Separated flow features

When an elongated bluff-body of revolution moves in a viscous incompressible
fluid, the abrupt geometrical discontinuity on the back induces a massive flow
separation. The latter creates a region of velocity defect whose size is comparable to
the body cross-section and is thus, said to be of large-scale.

Rear
Boundary Mixing  stagnation
layer i point

region
—
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—— S

Rear of body | pecirculation™ ~

'L_ region N
Base ""r_ /-://’ —_\—= -
\e == "2
Approaching Near-wake Far wake
flow Shear layer region region

Figure 2.1 Separated flow topology behind a truncated-base body. Near-wake region
indicated by gray shading. Adapted from Merz et al (1978).

A schematic illustration of the separated flow behind a truncated cylinder
aligned with the freestream is presented in Fig. 2.1. The flow region delimited by the
curvature of the detaching flow between the separation point on the base and the
so-called rear-stagnation point is referred to as near-wake of the body. The
extension of this region in the streamwise direction is commonly called reattachment
length or distance.

The innermost flow rolls up and reverses its trajectory forming two diametrically
opposite vortical patterns, whose cores are identified as the near-wake foci
(Délery 2001). In the case of an axisymmetric body these vortical structures define a
toroidal recirculation region in the azimuthal-radial plane of the wake. The latter is
separated from the outer higher speed unperturbed flow by a free shear layer, which
thickens in the streamwise direction as the velocity defect recovers away from the
body.

2.1.2 Influence of boundary conditions

The features above apply to all flows past blunt-based geometries. Nonetheless,
former studies show that the organization of the near-wake is influenced by a humber
of factors, mainly related to inflow and geometrical boundary conditions.

14
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a)

Figure 2.3 Flow field past a sphere at Rep = 15,000 (a) and Rep = 30,000 with a trip
wire (b). From van Dyke (1982).

More specifically, the streamwise location of the separation point is fixed in
presence of geometrical discontinuities, such as sharp edges (Fig. 2.2). In the case of
curved rear geometries (Fig. 2.3) on the other hand, it depends on the state of the separating
boundary layer. This latter case applies for instance, to the wake behind spheres
(Achenbach 1974) and circular cylinders (Williamson 1996).

Roshko (1955) compared the wake properties of bodies with the same frontal
area, but different elongations with respect to the incoming flow and argued that the
bluffer ones, viz. the less elongated ones, tend to produce a larger wake and thus, to
experience a larger base drag contribution. Calvert (1967) further compared the
wake properties of a variety of geometries, including a circular disk, a slender cylinder
and cones with different vertex angles. The author found that the bubble length, i.e.
the extension of the recirculation region, as well as the backflow intensity, increases
with the vertex angle up to the limit case of the circular disk, with the lowest values
being observed for the slender cylinder case (Fig. 2.4). The influence of the rear geometry
of the body on the near-wake development has been widely investigated, especially
for its relevance to the design of flow control strategies. Typical axisymmetric configurations
of interest are unguided missiles and space launchers, in which case the separated
flow physically surrounds the propulsive system. In this case the boattailing of the
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trailing edge represents a common flow control approach. In particular, a boattailing
angle of 5° is shown to reduce the base drag of a ballistic missile by 20% in the supersonic
regime (cf. Herrin and Dutton 1994).

Cylinder 20 40° 600
| Cylinder 90°
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Figure 24 Longitudinal variation of the pressure coefficient behind a cone for increasing vertex
angles. Rep =50,000. Adapted from Calvert (1967).

Truncated cylinder geometries equipped with a rear-protrusion of smaller diameter,
also called afterbody, are typically investigated in the transonic regime as a simple
model for the base flow of a space launcher vehicle. The extension of the afterbody
with respect to the main body diameter, viz. the ratio L/D, is shown to be critical for
the separated flow development. In particular, the experimental results of Dépres et al (2004)
showed that variations in this parameter can either induce impingement of the shear
layer on the afterbody or downstream of its tip, with major differences on the unsteady
flow behavior.

Further data obtained by Wolf et al (2012) in the subsonic regime indicate that
the addition of an afterbody to the base can reduce the reattachment length by about
10% (Fig. 2.5).

With regards to the behavior of separating and reattaching shear layers, useful
information can be retrieved by investigating the large amount of data available for
planar backward facing step (BFS) flows. In view of their main features, i.e. the
separation at the trailing edge, the development of a free shear layer and of an inner
recirculation region, these flows are often treated as the two-dimensional homologous of
afterbody flows (cf. Scharnowski and Kahler 2015).

The reattachment behavior of the BFS flow has been thoroughly characterized,
among others by Leetal (1997) and Jovic and Driver (1994). The review by
Eaton and Johnston (1981) showed that not only the step geometry, but also the inflow
conditions influence the shear layer reattachment process. From this review it
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emerged that increasing the boundary layer thickness promotes the reattachment and
thus reduces the reattachment length. Interestingly, later parametric studies conducted
by Hudy et al (2005) documented a completely opposite trend for the axisymmetric
BFS. This seeming discrepancy between the planar and axisymmetric case is addressed
in the present dissertation as an important point of discussion (cf. section 1.3).

0.5k

a)

Figure 2.5 Near-wake velocity field behind a truncated base rocket model without (a)
and with cylindrical afterbody (b). M., = 0.2. Rep ~ 10°. Adapted from Wolf et al (2012).
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Figure 2.6 Turbulent flow separation and reattachment behind a two-dimensional
BFS. Adapted from Eaton and Johnston (1981).

2.2 Base flow behavior

2.2.1 Separated flow dynamics

The shear layer developing in the near-wake flow represents an active interface,
where important interactions occur between the separated flow and the outer
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undisturbed flow. These interactions give rise to a distinctively unsteady flow field
at high Reynolds numbers, e.g. those of interest to the present work and to most
applications.
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Figure 2.7 Amplitude (a) and non-dimensional frequency (b) of the base pressure fluctuations
behind a cylinder as a function of the freestream Mach number. Adapted from Merz (1979).

Merz et al (1978) and Merz (1979) previously conducted experiments on a cylinder
geometry for a range of subsonic Mach numbers and showed that the presence of the
recirculation region is associated with intense base pressure fluctuations, whose
Strouhal number is observed to reduce with the Mach number (Fig. 2.7). This markedly
unsteady behavior suggests that the foregoing discussion provides only an average
picture of the near-wake topology. In fact, it was observed by Gerrard (1966) that
the size of the near-wake region is instantaneously determined by the balance between
the vortices rolling up in the shear layer and the outer fluid entrained in the recirculation

region.
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Figure 2.8 Schematic representation of the vortex street formation in the wake of a
sphere. Re = 10%, Top view (a). Side view (b). Adapted from Achenbach (1974).

In particular, Gerrard found that with increasing flow speeds vortex loops start
being shed off opposite sides of the body and with opposite sense of rotation. The
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author argued that this process is initiated as soon as one side of the rolling-up shear
layer grows strong enough to draw fluid from the diametrically opposite side and
thus, stop its own growth (Fig. 2.8). Furthermore, he inferred that for Rep = 10° — 10°
the vortices tend to be shed at a relatively constant frequency due to the conflicting
effects of the increasing turbulent diffusion and entrainment.

2.2.2 Antisymmetric modem =1

The occurrence of vortex shedding has been reported for a variety of flow configurations,
involving bodies of revolution (Calvert et al 1967; Achenbach 1974; Fuchs et al 1979) as
well as prisms (van Oudheusden et al 2005), square-back bodies (Gohlke et al 2008)
and planar BFS flows (cf. Scarano and Benocci 1999).
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Figure 2.9 Modal decomposition of streamwise velocity fluctuations in the wake of a

disk. Circumferential correlation (a). Azimuthal modes (b). x=3D and r=0.75D.
Rep ~ 10*. Adapted from Fuchs et al (1979).

Studies based on local and global stability analysis indicate that this phenomenon
reflects a global instability of the shear layer and is associated with the occurrence of
selfsustained oscillations of the near-wake flow (Oertel 1990; Huerre and Monkewitz 1985).
The latter are referred to as low-frequency fluctuations in that their characteristic
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frequency is typically identified with a Strouhal number Sty ~ 10™". While the specific
base geometry appears to have only marginal influence on this characteristic frequency,
instead the symmetry of the body has a strong impact on the spatial distribution of
the shedding fluctuations.

In fact, the correlation analysis conducted by Achenbach (1974) on the sphere
wake and the later modal analysis conducted by Fuchs et al (1979) on the circular
disk wake, clearly showed that for an axisymmetric body, the vortices are shed as a
pair of counter-rotating helices. This peculiar pattern is reflected in the occurrence
of anti-symmetric wake fluctuations. Fuchs etal (1979) identified them with a dominant
fluctuating mode with azimuthal wave-number m = 1, therefore referred to as a helical mode
(Fig. 2.9).
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Figure 2.10 Streamwise distribution of the turbulent fluctuations over an afterbody
geometry. Color coded the RMS of the longitudinal (a) and vertical (b) velocity fluctuations.
M., = 0.702. Rep, ~ 10°. Adapted from Schrijer et al (2014).
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Figure 2.11 Instantaneous Schlieren in the azimuthal-radial plane of an afterbody configuration.
%= 0.67 /L. M,, = 0.702. Rep ~ 10°. Adapted from Deck and Thorigny (2007).

The unsteady side-loads induced by this mode are of major concern in engineering
applications, particularly for transportation systems such as road vehicles or space
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launchers. In the latter case for instance, the side loads associated with the helical mode
can trigger transonic buffeting of the nozzle protruding from the first stage.

With regards to this specific problem, the fluctuations associated with the helical
mode have been thoroughly characterized in the subsonic, transonic and supersonic
regime by means of wall unsteady pressure measurements (cf. Dépres et al 2004;
Hannemann et al 2011), two-component high-speed PIV (cf. Schrijer et al 2011;
Schrijeretal 2014) and ZDES simulations (cf. Deck and Thorigny 2007,
Pain et al 2014). The data available in the longitudinal plane of the wake show that
the vortex shedding fluctuations intensify downstream of separation reflecting the
growth of the structures within the shear layer (Fig. 2.10).

Cross-correlation analysis of velocity and pressure data in the azimuthal-radial
plane gives further evidence of the interactions of the vortices along the azimuth
(Fig. 2.11). Numerous studies conducted in the framework of active and passive
wake control, e.g. by base bleeding or jets (Sanmiguel-Rojas et al 2009; Weiss and Deck 2011;
Oxlade et al 2015) and by alterations of the base geometry respectively, indicate that
interfering with the growth of the shear layer structures can substantially alter the
wake dynamics. In the experiments of Dépres et al (2004) for instance, it is shown
that the presence of a central protrusion, e.g. the propulsive nozzle, can strongly
interfere with the growth of the vortices, influencing both the near-wake topology
and fluctuating field (Fig. 2.12).
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Figure 2.12 Fluctuating pressure spectra on the wall of an afterbody at transonic speed. L/D =0.6
(a). LD=1.2 (b). M, = 0.702. Rep, ~ 10°. Adapted from Dépres et al (2004).

2.2.3 Very-low-frequency backflow unsteadiness

Due to its practical relevance, the helical mode m =1 has been thoroughly
investigated over the past years. However, the most recent investigations on the
topic of turbulent axisymmetric wake flows focus on a further unsteady mechanism.
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In particular, Rigas et al (2014) tracked the azimuthal-radial position of the
center of pressure on the base of an ogive-cylinder model (Fig. 2.13) and could infer
a continuous backflow precession about the symmetry axis of the body. Through
modal decomposition and spectral analysis the authors showed that such an
instability induces large-scale anti-symmetric fluctuations, similar to those caused
by the vortex shedding, but occurring at frequencies in the order of Stp ~ 10°. These
fluctuations were identified by the authors as being caused by the helical mode
m =1 and linked to a very-low-frequency reorientation of the symmetry plane of
vortex shedding (Fig. 2.13b).
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Figure 2.13 Base pressure of a blunt-based cylinder. Two-dimensional probability distribution of
the base pressure center (a). Spectra of the azimuthal modes of fluctuations. Rep ~ 10°. Adapted
from Rigas et al (2014).

Previous stereoscopic PIV experiments performed by Vanierschot and Van den
Bulck (2011) showed that an analogous long-term instability also features the turbulent
wake of an annular jet flow, by inducing a precession of the stagnation point at a
characterist frequency of Stp=0.0025, based on the jet hydraulic diameter
(Fig. 2.14).

Later experiments by Grandemange et al (2014) confirmed the occurrence of this
backflow precession in the case of a sphere (Fig. 2.15). The authors had previously
identified this unsteady mechanism in the wake of an ogive-cylinder geometry
(Grandemange et al 2012a). However, due to the orientation of the measurement
plane they interpreted it as a random switch between two asymmetric and seemingly
equivalent wake topologies, rather than a consistent azimuthal motion. Furthermore,
they showed that the boundary conditions, namely the symmetry of the mounting
system and of the inflow conditions, strongly affect the orientation of the
instantaneous backflow topology.
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Figure 2.14 Trace of the instantaneous motion of the stagnation point in the wake of
anannular jet. Tri-dimensional view (a). Side-view (b). Rep =12,600. Adapted from Vanierschot and Van
den Bulck (2011).
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Figure 2.15 Out-of-plane velocity field in the wake of a sphere. Time-averaged velocity
contours (a). Instantaneous velocity contours (b). x =0.93 D. Rep =19,000. Adapted
from Grandemange et al (2014).

An analogous unsteadiness has been reported by the same authors occurring in
the case of the Ahmed body geometry, with comparable characteristic frequencies
(Grandemange et al 2012b). In the latter case the instability manifests as a switch
between two mirrored asymmetric wake topologies and is ascribed to a bistable
behavior of the backflow region.

The occurrence of a very-low-frequency reversed flow meandering reveals an
inherent instability of the turbulent wake topology. In fact, the latter is found to
evolve continuously over time, being always asymmetric. The above investigations
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indicate that regardless of the specific base geometry, the wake is symmetric (or
axisymmetric) only statistically, viz. as a result of a long-term equal exploration of
different asymmetric topologies.

2.2.4 Base flow symmetry and experimental sensitivity

The identification of the very-low-frequency backflow unsteadiness essentially
reveals that the axisymmetry of a turbulent wake is a merely statistical feature. In
this respect, the long-term unsteadiness of the backflow region explains the
pronounced turbulent base flow sensitivity, which was already documented in many
experimental studies.

The occurrence of slight and unexpected asymmetries is frequently reported in the
investigations dealing with turbulent near-wake flows (cf. Bourdon and Dutton 2008;
Wolf et al 2012).

Figure 2.16 Mean velocity color contours and streamlines past a truncated-base rocket model
under a yaw angle of 0.3°. M., = 0.2. Rep ~ 10°. Adapted from Wolf et al (2013).

Experimental sensitivity analyses conducted among others by Klei (2012) and
Wolf et al (2013) show that the subsonic near-wake of a simple rocket model
becomes asymmetric in presence of sideslip angles of the wind tunnel model with
respect to the freestream flow as small as 0.3° (Fig. 2.16). Other studies pointed out
that major asymmetries can be caused by the presence of the model support, which
is found to introduce velocity defects in the order of 10% of the freestream velocity
(Wolf et al 2010) and even preferred azimuthal periodicities in the near-wake flow
(Grandemange et al 2012a).

While past researchers attributed such asymmetries exclusively to the accuracy
of the experimental setup, the existence of a long-term instability poses a significant
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constraint on the observation-time to adopt in the investigation of such flows. In
particular, the latter should account for an equal exploration of all azimuths by the
backflow region. As a result, the problem of the base flow sensitivity extends also to
numerical investigations.

2.2.5 Bifurcations and symmetry breaking modes

The long-term variation of the turbulent wake topology is currently interpreted
as a final chaotic state, which is attained by the wake after a series of transitions
experienced from laminar to turbulent regime (Grandemange et al 2014; Rigas et al 2015).
The latter are commonly referred to as bifurcations (Chomaz 2005) and reflect a
global instability, which typically develops in axisymmetric wake flows for
Rep > 10°. The occurrence of such bifurcations has been documented for a variety of
geometries, ranging from spheres (Fabre et al 2008; Thompson et al 2001) and disks
(Fabre et al 2008; Meliga et al 2009; Auguste et al 2010) to slender blunt-based
bodies (Bohorquez et al 2011; Bury and Jardin 2012).

c)

Figure 2.17 Phases of the RSB mode past a truncated cylinder with elliptical nose.
“Apparent” reflectional symmetry (a). Wake twisting (b). Reorientation of “apparent”
reflectional symmetry (c). Wake stretching (d). Isosurfaces of streamwise vorticity
wD/U,, =+ 0.05. Rep = 900. Adapted from Bury and Jardin (2012).

In the case of a slender cylinder with elliptical nose Bury and Jardin (2012) report of
a first steady bifurcation at Rep~ 450, which identifies the transition from an
axisymmetric wake topology with toroidal structure (base flow) to a streamwise
oriented double-threaded wake. This second state is reflectionally symmetric with
respect to a longitudinal and arbitrarily oriented plane and is referred to as standing-
wave mode (SS). For Rep =600 - 800 the authors identify a second bifurcation,
corresponding to the appearance of an unsteady wake state. The latter is found to
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feature a first phase of purely periodic shedding of thread vortices at a non-dimensional
frequency Stp = 10 (reflectional symmetry preserving, RSP mode) and is followed
by two subsequent phases of wake waving and twisting respectively, occurring with
a characteristic non-dimensional frequency Stp~ 107 In the former studies of
Bricker (2001) wake “modulations” with frequencies in the same order of
magnitude were reported for both the sphere wake at Rep = 500 and the wake past a
blunt-based cylinder with elliptical nose at Rep = 700.

With further increasing the Reynolds number the studies of Bury and Jardin (2012) outline
the appearance of broad-band fluctuations, reflecting the transition from the periodic
and quasi-periodic states associated with the RSP mode to a fully chaotic state,
denominated reflectional symmetry breaking (RSB) mode. The latter is shown to set
in at Rep =900 through a so-called pitchfork or Hopf bifurcation and features a
markedly intermittent wake topology with alternating phases of “apparent”
reflectional symmetry, wake twisting, reorientation of the “apparent” symmetry
plane and stretching of the vorticity lobes (Fig.2.17). For similar slender
axisymmetric geometries at Rep = 1000 such intermittencies were also documented in
the work of Scwharz et al (1994).

In the transition between the RSP and the RSB mode the wake topology
becomes unsteady and recovers its planar reflectional symmetry only on average.
The latter suggests a continuity with the very-low-frequency erratic azimuthal
reorientations and associated statistical axisymmetry, which has been documented in
the past few years for fully turbulent wake flows. In fact, these former results would
promote the hypothesis that the long-term statistical symmetry of turbulent wake
flows is reminiscent at turbulent regime of the RSB mode (Rigas et al 2014;
Grandemange et al 2012, 2014).

Based on this hypothesis, Rigas et al (2015) recently proposed to model the
turbulent wake dynamics by using a simply non-linear Langevin equation. Within
such a model the wake dynamics is represented through a superposition of the first
bifurcation leading to the SS mode, which is responsible for the loss of axial
symmetry at laminar regime, with stochastic turbulent fluctuations. The latter
stochastic model has been applied by the authors to the time-history of the center of
pressure (CoP) on the base of a blunt-based slender axisymmetric body and proved
successful in representing both the azimuthal meandering and the long-term
saturation of the radial motion of the base pressure distribution (cf.
Rigas et al, 2014). As such it has been adapted and applied to the present study case
and will be discussed in chapter 6.

26



Experimental apparatus, measurement techniques and data reduction

CHAPTER 3

EXPERIMENTAL APPARATUS, MEASUREMENT
TECHNIQUES AND DATA REDUCTION

Abstract This chapter gives a description of the experimental apparatus and illustrates
the main principles of the techniques used in the investigation. Details are provided
of the wind tunnel facility and of the geometrical configurations used in the experiments.
The working principles of PIV and stereoscopic PIV are illustrated. The main uncertainty
contributions affecting the present results are discussed. The snapshot POD procedure
adopted in the analysis of the wake large-scale fluctuations is outlined.
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3.1 Experimental apparatus

3.1.1 Flow facility

The data supporting the present work have been obtained in the low-speed open
loop wind tunnel (W-Tunnel) operated within the Aerodynamics Laboratories of
Delft University of Technology.

Figure 3.1 Low-speed wind tunnel upstream of the test section and model installation.

The tunnel has a contraction ratio of 9:1 and features a square exit with
0.4 x 0.4 m’ cross-section (see Fig. 3.1). The flow speed can be regulated by setting
the revolutions of the centrifugal fan from 5 m/s up to a maximum of 35 m/s. In all
the present experiments the tunnel was operated at a freestream velocity of 20 m/s in
conditions of ambient pressure and temperature. The turbulence intensity of the
tunnel in these conditions was measured to be approximately 0.5%
(Michelis and Kotsonis 2014).

3.1.2 Wind tunnel model

100 mm 150 mm

3 mm T
Tripping wire 0
ppmng w < v
i

10 mm

50 mm

Figure 3.2 Schematic side and end view of the wind tunnel model with dimensions and
coordinate system.

The turbulent wake flow investigated in the present work was produced by an
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Aluminum cylinder with blunt trailing edge featuring a spherically tangent ogival nose
with 3 mm radius, ensuring smooth development of the boundary layer over the main
body (Fig. 3.2). The aspect ratio of the model L/D was equal to 5, where L is the total
length of the model and D is the base diameter. The nose section had a length of 2 D.

Transition of the boundary layer to turbulent regime was forced by means of a
random distribution of carborundum particles with 0.8 mm mean diameter. This distribution
was applied over a 10 mm wide adhesive patch, (Fig. 3.3) placed at the junction between
the nose and the cylindrical main body.

Figure 3.3 Carborundum roughness element.

A flow stethoscope connected to a loudspeaker was used to verify the effectiveness
of the transition device at the freestream speed hereby considered. The properties of
the boundary layer were further quantified by means of dedicated PIV measurements
carried out 5 mm upstream of the model trailing edge. The parameters characterizing
the boundary layer prior to separation are provided in section 4.3 of the thesis.

L L

a

Figure 3.4 Schematic side and end view of the wind tunnel model with afterbody with
annotations and coordinate system.

A cylindrical protrusion of smaller diameter d, herein often referred to as afterbody
(Fig. 3.4), was added to the base of the model during the experiments addressing the
influence of the base geometry on the near-wake flow behavior (cf. chapters 4 and 7).
The extension of the afterbody with respect to the main body diameter was L./D =2
and was specifically designed to allow for reattachment of the separated shear layer on
the afterbody according to Dépres et al (2004). Afterbodies of different diameters were
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considered during the experiments, such to model axisymmetric BFS configurations
with different step heights.

Additional data were acquired for a two-dimensional BFS flow configuration in
order to establish a comparison between planar and axisymmetric flow reattachment
behavior. The test configuration for these measurements was a 25 mm thick and
400 mm wide plate featuring an elliptical nose with 3:1 aspect ratio (Fig. 3.5).

, \U-

a)
z
75 mm 175 mm 150 mm
X
S i 25
10 mm
b) Tripping wire

Figure 3.5 Planar BFS model schematics with annotations and coordinate system.
General view with Perspex test-section (a). Side view (b).

The extension of the plate prior to separation ensured the same running length as
in the axisymmetric model (cf. Fig. 3.4), whereas the extension of the step prevented
downstream effects on the separated flow (Spazzini et al 2001). The step height could be
varied by adding a plate on top of the extension of the step to match the non-dimensional
step height values considered for the axisymmetric model.

The boundary layer was forced to the turbulent regime similarly to what was
done for the axisymmetric model. The density of the roughness distribution ensured
comparable conditions of the separating boundary layer in the planar and in the axisymmetric
case. The latter was verified by means of PIVV measurements performed upstream
of the separation point (cf. chapter 4).

The two-dimensional model was installed in the side-walls of a Perspex elongation
of the wind tunnel test section, whereas the axisymmetric model was held from the
bottom by means of a 3 mm thick vertical Aluminum plate with sharp edges, which
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allowed centering of the model with respect to the test-section (Fig. 3.6). The thickness
of the vertical support was further reduced to 1.5 mm at the junction with the model to
minimize the interferences with the boundary layer developing over the main body
(Simpson 2001). The momentum deficit caused by the presence of the support plate was
measured to be between 5% and 10% of the freestream velocity for streamwise stations
between 0.4 D and 1.5 D downstream of the base.

l z, % 2
U y = - X
3 mm

60 mm
a) b)

Figure 3.6 Schematic views of the axisymmetric model with vertical support plate and
coordinate system. Front view (a). Side view (b).
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a) b)
Figure 3.7 Schematic of the wind tunnel model assembly (a). Yaw and pitch control
plates (b).

Translation of the axisymmetric model in the streamwise direction was accomplished
by means of a traverse system with 0.2 mm precision. The model was further installed
on a support plate designed for fine tuning of pitch and yaw angles, with an accuracy
of approximately 0.1° (Fig. 3.7). The precision on the pitch angle was improved to
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0.05° in a later design of the support. A typical wind tunnel model setup for the present
experiments is shown in Fig. 3.8.

Figure 3.8 View of the axisymmetric model (cf. Fig. 3.2) installed in a Perspex elongation of the
wind tunnel test-section.

3.2 Particle Image Velocimetry

3.2.1 Basic principles

Particle Image Velocimetry (PIV) is a non-intrusive flow measurement technique,
which allows both quantification of the velocity and flow visualization. Its working
principle consists in measuring the displacement of small tracer particles carried by
the flow over a short time-interval.

The measurements cover the flow field contained within a plane or a volume and
do not require the use of probes. A typical PIV setup is schematically represented in
Fig. 3.9. Particle tracers are injected in the flow and subsequently illuminated in a
plane twice within a short time-interval using a pulsed light source (usually a laser).
The light emitted by the laser is shaped into a thin light sheet by means of one or
more optical elements. The position of the tracer particles is recorded in two subsequent
exposures with a digital imaging device, such as a CCD camera, which is oriented
perpendicular to the measurement plane. The digital images are subdivided into
smaller areas, referred to as interrogation windows. Foreach of these areas a two-component
velocity vector is determined by means of statistical operators using the values of particle displacement, pulse
time-separation and image magnification.

Hereafter the main aspects of PIV are illustrated. For a comprehensive description of
the technique the reader is referred to Raffel et al (2007) and Adrian and Westerweel (2011).
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Figure 3.9 Typical experimental arrangement for particle image velocimetry in a
wind tunnel. Adapted from Raffel et al (2007).

Flow seeding
In most applications the flow is seeded with tracer particles in concentrations between
10° to 10" particles/m®, depending on the spatial resolution.

Flow direction

Image plane

Figure 3.10 Safex fog generator.

The tracer particles are expected to accurately follow the air flow. A small velocity
lag with respect to the fluid medium is referred to as slip velocity. Assuming spherical
particles of diameter d, moving with velocity U, in a continuously accelerating fluid,

the slip velocity is expressed as
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(pp —,0) dUp — TdUp (3.1)
18u dt dt

Us = dj

The parameter 7 in (3.1) is called relaxation time and it represents the particle response
time to a sudden change in the fluid velocity (cf. Ragni et al 2010). Thus, it is often
used to assess the fidelity of the flow tracers. For turbulent flows, where a large
number of flow-scales is present, it is common to compare the particle relaxation time
with the characteristic time-scale of the flow by means of the Stokes number

Tp

Sk = (3.2)

Tflow

In the current experiments the flow was seeded with micron sized droplets of
glycol-water solution, which were uniformly dispersed in the flow by means of a
SAFEX smoke generator (Fig. 3.10) at a typical concentration of 5 particles/mm®.
For these particles, the Stokes number was estimated to be S, ~ 0.01, based on the
typical thickness of the separating boundary layer and the freestream velocity (cf.
Table 4.3). This value is adequate for flow tracing with negligible errors due to particle
slip (Samimy and Lele 1991).

Furthermore, tracer particles are chosen also based on their scattering efficiency.
The latter should be as large as possible to ensure a good contrast with respect to the
background and thus, facilitate the image evaluation process. Materials with an optimal
combination of size, viz. diameter, and index of refraction relative to the fluid medium,
viz. n/ny, are typically sought for in order to maximize the scattering efficiency.

') e

Figure 3.11 Light scattering by a 1um oil droplet in air. Raffel et al (2007).

The tracers typically used in PIV follow the Mie scattering theory. Thus, they
scatter the light with maximum intensity in the forward direction and with significantly
lower intensity to the side and in backward direction (Fig. 3.11). For those seeding
materials the scattered light intensity features approximately g maxima over viewing
angles between 0° and 180°, g > 1 being the normalized diameter defined as
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— P 3.3
q=m— (3.3)

Ideally, the particle image intensity can be maximized by recording in the forward
scattering direction. In practice however, the recordings are often conducted between
the side and the backward scattering directions to cope with additional constraints
related to the PIV technique. In the case of the present experiments for instance, the
recordings were often performed in the side scattering direction such to limit the error
on the out-of-plane component of the velocity.

IHllumination

Lasers are commonly employed in PIV applications, as they can provide pulsed,
collimated monochromatic light, which can then be shaped into thin light sheets
without chromatic aberration. This allows for illumination of the tracer particles
twice in a finite time-interval At.

In the present experiments a high-speed laser was used for illumination in order
to obtain time-resolved velocity data of the wake flow. In particular, a Quantronix
Darwin Duo frequency-doubled Nd:YLF (Neodymium-doped Yttrium Lithium Fluoride)
laser was used (Fig. 3.12), which allows for a measurement repetition rate between 1
and 10 kHz. This laser emits light with a wavelength A = 532 nm and with an energy
per pulse E=25mJ at 1 kHz and is characterized by a pulse duration, or pulse
width, dt ~ 100 ns. The time-interval between the two pulses 4¢ can be tuned based
on the experimental conditions.
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Figure 3.12 Quantronix Darwin-Duo Laser. (www.guantronix.com).

In the present measurements the laser beam was typically shaped in a 2 to 3 mm
thick laser sheet. The pulse separation was set to approximately 20 us in order to
keep the maximum out-of-plane particle displacement within approximately 1/3
of the laser sheet thickness in the case of cross-flow stereoscopic measurements
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and within 1/4 of the final interrogation window size in the case of two-component PIV
measurements (cf. Raffel et al 2007).

Imaging

Spherical and cylindrical lenses are used to shape the laser beam in a sheet of
few millimeters thickness (Fig. 3.13). The particles lying within this laser sheet are
imaged on the surface of an image sensor with a magnification factor M defined as

M=t (3.4)

wherein d; and d, represent the distance between the lens plane and the image
plane, and the distance between the lens plane and the object plane identified with
the laser sheet, respectively.

Figure 3.13 Example of laser sheet formation by means of multiple lenses.

The imaged particle geometrical diameter associated with the image magnification
can be estimated as

dgeom = Md,, (3.5)
Additionally, due to diffraction effects each particle is imaged as a bright spot,
called Airy disc, surrounded by rings of decreasing intensity. The finite diameter of

this diffraction spot is called diffraction diameter and is defined as
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This diameter depends on the wavelength of the incident light A, on the image
magnification M and furthermore, on the characteristics of the imaging system
through the f- number f,, which is defined as

f
= 3.7
fo =1 (3.7)
wherein f and D, in (3.7) are the lens focal length and aperture diameter respectively.
If the lens is sufficiently thin compared to its focal length, the following thin lens

equation holds
_ 2 + ! 3.8

The resulting imaged particle diameter can be thus estimated from (3.5) and (3.6)
as follows

d; = \/dzgeom + dzdiff (3.9)

Figure 3.14 1pum particles recorded with a CMOS camera (Photron FastCAM
SAL1.1 CMOS, pixel pitch 20 um).

In the current experimental conditions (d, =1 um, A =532 nm, magnification
factor M ~ 0.16, f; = 5.6) d, ~ 9 um, which is approximately equal to the diffraction
diameter. However, this value is still smaller than the pixel pitch of the sensors used
in the experiments. In such conditions the imaged particle diameter is considered to
be governed by the sensor pixel size.

Sharp particle images of small diameter ensure an adequate contrast with respect
to the dark background (Fig. 3.14). In practice, given a certain light source and image

37



Experimental apparatus, measurement techniques and data reduction

magnification the lens f- number is tuned so that all particles in the laser sheet are
imaged in focus within the depth of field oz

14 M\?
5z = 4.88f#2,1( ) (3.10)

A slight defocusing is often applied to ensure that the diameter of each imaged
particle spans over approximately two to three pixels in order to avoid under-sampling
issues due to peak-locking (Westerweel 1997).
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Figure 3.15 High-speed Photron FASTCAM SA 1.1 camera (a), from www.photron.com.
Schematics of a CMOS sensor (b), from Raffel et al (2007).

Recording

The high-speed PIV recordings for the present experiments were performed by Photron
FastCAM SAL1.1 CMOS (Fig. 3.15a) operated at acquisition frequency between 50 Hz
and 2 kHz. The architecture of these cameras feature an array of 1024 x 1024 pixels,
with 20 um pixel size, whereby each pixel of the sensor collects the incident light
(i.e. photons) in the form of electric charge (i.e. electrons) and converts it into a
voltage by means of a dedicated amplifier (Fig. 3.15b).

Synchronization

The particles illuminated during the two subsequent light pulses are imaged on
the camera sensor during two distinct exposures and recorded as double-frame snapshots.
This process requires the synchronization between the camera exposure and the light
pulse. The timing diagram for the double-frame recordings performed in the present
experiments is presented in Fig. 3.16.

In this acquisition mode the laser delivers two pulses, each of duration dt, separated
by a time-interval A¢. The light scattered by the particles during each of the two pulses is
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captured by the camera within two separate exposures, yielding double-frame recordings.
The time-spacing between the double-frame recordings AT depends on the hardware,
viz. laser and camera, whereas the laser pulse-separation Az is adjusted based on the
experimental conditions (see preceding sections for details).

Pulse A Pulse B Pulse A  Pulse B

| Il M A Laser
| |
(1 f\ [ [ Camera

AT=1f,,

Figure 3.16 Timing diagram for a PIV double-frame recording.

Image interrogation

The PIV recordings, or snapshots, are subdivided into smaller interrogation areas,
or windows, and digitally evaluated. Fig. 3.17 schematically illustrates the cross-correlation
procedure used in the evaluation of the PIV recordings. In particular, the intensity
maps obtained for the two frames at integer pixel locations, I(i, j, t) and I’(i, j, t+4¢)
respectively, are shifted one over the other by a finite amount (dox, dy). The products of
the intensity distributions are then summed up over the entire window size as follows

M N
C(6x, 8y) = z Z[I(i, N =T [I'G + 6%, + 8y) = T (3.10)

wherein M and N represent the number of pixels in the horizontal and vertical direction
respectively.
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Figure 3.17 Schematics of typical digital PIV image analysis. Adapted from Raffel et al (2007).
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The above operations provide the particle displacements approximated at the
closest pixel shift, which are identified by the maxima in the cross-correlation maps.
Further interpolating around these maxima yields the displacement value with subpixel
accuracy. For this purpose a Gaussian peak fit is commonly used (cf. Raffel et al 2007).

The displacement resulting from this interpolation is then divided by the light
pulse separation and multiplied by the image spatial resolution to obtain the velocity
vector. The ratio between the two highest peaks in the cross-correlation map is called
signal-to-noise ratio (SNR) and indicates the reliability of the cross-correlation result.

Image pre-processing and data validation

In order to improve the result of the PIV image evaluation, especially in presence
of background intensity or light reflections from solid surfaces, the PIV images are
pre-processed prior to the interrogation phase. Typical pre-processing procedures
consist in the subtraction of the minimum intensity of each pixel along the recording
sequence, or in the normalization with respect to the average value along the sequence
(Adrian and Westerweel 2011).

Figure 3.18 Comparison of PIV images: before (a) and after (b) pre-processing.

The latter procedure was adopted in the current experiments. Fig. 3.18 shows a
PIV snapshot affected by light reflections at the wall and background intensity. The
pre-processed image obtained from the normalization procedure eliminates most
unwanted light reflections.

Even when pre-processing, the possible presence of residual light reflections or
conditions of scarce illumination in some areas of the image, can lead to the computation
of erroneous vectors during the interrogation phase. To avoid including unphysical
data, these vectors, which are referred to as outliers, are detected and removed from
the vector field by means of dedicated post-processing algorithms. The post-processing
of the present measurements was accomplished using a median filter based on the
universal outlier detection algorithm (Westerweel and Scarano 2005), which was
applied up to three times to the vector fields.
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3.2.2 Stereoscopic PIV
Basic principles

Recording the particle images with one camera perpendicular to the measurement
plane only allows for measuring the projection of the actual flow velocity in the laser
sheet plane, hereafter referred to as object plane.

Object Plane o Laser Sheet

Camera 1 Camera 2

Figure 3.19 Stereoscopic imaging configuration based on angular lens displacement
with Scheimpflug condition. Prasad (2000).

The perspective error affecting this measurement increases with increasing deviations
of the camera from the normal to the laser sheet plane. This contribution could be
significant in presence of large out-of-plane velocity components, which case applies to
the wake flow currently investigated.

The most straightforward way of obtaining the out-of-plane velocity component
from a planar PIV measurement consists of imaging the same FOV from two different
viewing angles, similar to the binocular vision of the human eye. This technique is
known as stereoscopic PIV and is typically implemented with two-cameras arranged
in the so-called angular displacement imaging configuration (Fig. 3.19). Within this
approach the cameras are rotated away from the normal to the laser sheet plane so
that their lines of sight intersect the object plane at the system axis.

In order for the particles to be imaged in focus, image, lens and object plane
must intersect on a single line (Prasad 2000). The latter is known as Scheimpflug
condition and can be accomplished by tilting the lens objective towards the object
plane by means of dedicated adapters (Fig. 3.20). The two oppositely distorted
views are interpolated onto a common grid. To facilitate the interpolation it is usual
to maximize the overlap between the two views. The out-of-plane component of the
velocity can then be computed according to Raffel et al (2007).
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U - U, Vi -V,
tanBy, + tanby, tanb,; + tanb,,

(3.12)

wherein U and V represent the in-plane components of the velocity, while 6,4, 6,
and 6,4, 6, are the angular deviations of the two cameras from the x and y axis respectively.

Figure 3.20 Scheimpflug adapter mounted on a 105 mm Nikkor objective.

In general, the error on the out-of-plane component of the velocity decreases by
increasing the viewing angle of the camera between 0 and 45° (Prasad 2000). However,
additional constraints related for instance, to the optical access and to the depth of
field, often limit the viewing angles to lower values, i.e. in the order of 30° for the
present experiments.

Image calibration and reconstruction

The image-pairs obtained from the two stereoscopic views are interrogated separately
yielding displacement data on two distinct Cartesian grids. The latter are then
mapped to the object plane, also called world plane, and further combined to give
the three-dimensional velocity field. These operations comprise the process of image
reconstruction, which is usually based on a calibration of the imaging system. This
procedure requires the acquisition at different z-positions of one or more images of a
calibration target, which is aligned with the measurement plane. The latter is provided
with a precise and evenly spaced Cartesian grid of markers in order to identify the
positions in the object plane. Precisely machined two-level plates featuring dotted
markers of known spacing and number (Fig. 3.21) represent a standard choice for
stereoscopic PIV experiments.
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Figure3.21 Lavision Type 11 two-level calibration target with dotted grid (www.lavision.com).

world coordinate system

camera system
X, Y,Z)

optical axis

focal length f

Figure 3.22 Schematic illustration of the camera pinhole model. Adapted from
Wieneke (2005).

A common way of obtaining the mapping functions for the two stereoscopic
views is based on a so-called camera pinhole model, schematically illustrated in
Fig. 3.22. This model is based on the assumption that all rays going from the particles
in the object plane to the image plane pass through a single point in space. From this
kind of model the viewing angles at each point of the sensor can be retrieved with
precisions in the order of 0.1°. Alternatively, the mapping functions can be obtained
using a least-square third-order polynomial fit between the known markers positions
on the calibration target and those recorded in the image plane (Soloff et al 1997).
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The reliability of the calibration procedure strongly depends on the alignment of
the calibration target with respect to the measurement plane identified by the laser
sheet. In practice, misalignments are always present between the two (see Fig. 3.23).
Therefore, a self-calibration procedure is usually applied to the PIV recordings
(Wieneke 2005).

The latter consists in dewarping the instantaneous particle pattern from the two
cameras at the laser sheet location (z = 0) and cross-correlating them in order to obtain
a so-called disparity map. This disparity map provides information on the misalignment of
the calibration target with respect to the laser sheet plane and is used to improve the
original calibration.

Calibration plate

h_-—---_‘--—---_.--"—---__
Light sheet plane i =
.~ Disparity ™ Z

Figure 3.23 Schematics of typical misalignment between calibration target and light
sheet plane. Adapted from Raffel et al (2007).

3.3 Experimental uncertainty

Hereafter the main uncertainty contributions affecting the experimental data are
evaluated in order to assess the accuracy of the present results. The discussion mainly
deals with the evaluation of the uncertainty associated with the present flow facility and
wind tunnel models, with the use of the PIV measurement technique, notably the
digital image cross-correlation, and lastly with the size of the data ensembles used in
the statistical evaluation of the flow properties.

Flow facility

This uncertainty contribution mainly affects the estimate of the freestream flow
velocity set during the experiments. The latter was tuned using a digital barometer
with a 0.03% of reading accuracy and thus, represents the uncertainty on the value
of the freestream velocity U, and on the diameter-based Reynolds number Rep.
These errors are considered negligible in the context of the present work.
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Wind-tunnel model

The alignment of the wind tunnel model with respect to the freestream flow is
crucial in the analysis of the long-term turbulent wake dynamics. Thus, it is
worthwhile estimating the uncertainty associated with the model angular
positioning. The latter was evaluated by inspecting the long-time averaged position
of the backflow centroid obtained from the stereoscopic PIV measurements or
alternatively, the vertical position of the wake stagnation point on the base retrieved
from the two-component PIV data. The sensitivity of the model with respect to
angular misalignments was found to be of approximately 0.5 D (i.e. 25 mm) per
degree (cf. chapter 6).

The model was considered correctly aligned when the deviation of such points
from the geometrical wake center was within 0.025 D (i.e. 1.25 mm). This value
corresponds to approximately 0.3 to 0.4 of the final interrogation window size used
in the present measurements. The pitch and yaw angle of the model could be tuned
with an accuracy of 0.05° and 0.1° respectively (cf. section 3.1.2). Both angles could
be measured with a 0.1° precision.

PIV uncertainty

Assuming a linear propagation of the error, the uncertainty on the measured velocity
can be expressed as a function of the uncertainty affecting the measurement of the
particle displacement e, and the estimate of the time-interval €,; as follows

ou\2 ou\?
_ ou ou (3.13)
€u J(E“aAs) +(€AtaAt)

.9 ) . e -
wherein B_Zs and 6_;5 account for the influence of the individual uncertainties on

the experimental results and are referred to as sensitivity coefficients.

In particular, the uncertainty on the pulse separation is identified with the pulse
width o¢. The latter is in the order of 100 ns and therefore is considered negligible in
comparison with the pulse-separation At, which is in the order of tens of microseconds.
The uncertainty on the displacement is attributed to the use of image correlation algorithms
and is estimated to be as much as 0.1 pixels for planar measurements (Raffel et al 2007).
Taken this into account, the uncertainty on the instantaneous velocity can be estimated
as

_ €corr
€y = YAL (3.14)
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wherein Kk is the digital spatial resolution and is expressed in pixels/mm. For the present
measurements this contribution was estimated as being approximately 1% of the freestream
velocity.

Statistical uncertainty

The statistical properties of the flow field are evaluated based on a finite number of
measurement samples, i.e. PIV shapshots in the present case. The latter unavoidably
affects the evaluation of the statistics, even if the observation-time is carefully chosen to
account for the characteristic time-scales of the flow. Using the definitions of Benedict and Gould (1996)
for a data ensemble comprising N uncorrelated samples, the uncertainty on the evaluation of
the first order statistics, viz. the mean flow velocity, is estimated as

_w

VN

wherein (u') is the RMS of the fluctuating velocity. Similarly, the uncertainty on the
second order statistics, viz. the statistical velocity fluctuations, is estimated as

fu =" (3.16)

As an example, the value of the out-of-plane statistical fluctuations for one of the
present test cases is plotted as a function of the data ensemble size in Fig. 3.24 and indicates
that the statistical convergence is attained for approximately N >500.

€x (3.15)
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Figure 3.24 RMS of the out-of-plane velocity fluctuations <u as a function of the

data ensemble size. x =0.3 D, (z, y) = (0.1 D, 0.1 D). Rep = 67,000.
Lastly, the uncertainty on the Reynolds shear stress can be expressed as
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oy = V14 R w)v) (3.17)
VN

wherein R,,,, is a correlation coefficient defined as

u'v'
(u'}v')

From the above definitions it follows that the accuracy in the evaluation of the
statistical properties tends to be lower in presence of high fluctuations, while it benefits
from increasing the number of samples. Furthermore, the uncertainty on the evaluation
of the Reynolds shear stress is also influenced by the degree of correlation of the velocity
fluctuations in the different directions.

Ry, = (3.18)

3.4 Proper Orthogonal Decomposition

POD is a well-established tool for statistical data analysis and reduction and is
especially advantageous in the analysis of turbulent flows. Its earliest applications
are by Lumley (1967) and follow from the discovery of organized motion in turbulence
and the consequent introduction of the concept of coherent structure (Townsend 1956).
Essentially, the POD method relies on the identification of such structures to distill
the relevant information on the flow dynamics. The salient aspects of this procedure
are briefly illustrated in the remainder of this section. The reader is referred to
Berkooz et al (1993) for details on the mathematical background of POD. In the current
thesis the coherent structures and the associated fluctuations dominating the near-wake
dynamics are examined with the snapshot POD method (Sirovich 1987).

Within this approach the instantaneous velocity field retrieved from the PIV
snapshots is preliminarily decomposed into a time-averaged velocity field U(x) and
a fluctuating velocity field u’(x, t) as follows

u(x,t) =U(x) +u'(x,t) (3.19)

The fluctuating velocity thus obtained is spatio-temporally decomposed and expressed
in terms of the following discrete sum

Ng
u'(x,t) = Z D, (x) - ¢ (t) (3.20)
k=1
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wherein N represents the number of available snapshots. The functions @ (x) are
called eigenmodes or POD modes and account for the spatial organization of the
turbulent fluctuations, whereas the coefficients c,(t) provide information on the
characteristic time-scales of the modes.
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0
y/D

Figure.3.25 Modes k =1 -5 obtained from the snapshot POD decomposition of a turbulent
axisymmetric near-wake. Energy distributions (a) and spatial eigenmodes (b). Colors in (b)
coded out-of-plane component of the mode. Vectors plotted every 5th grid point represent in-
plane mode components kadsk,)/uw and Vi@ k/Ux X/D = 0.3. Rep = 67,000.

This decomposition is the most efficient in terms of kinetic energy contained in the
flow. The associated eigenvalues A, represent the contributions of the single modes
to the turbulent Kinetic energy of the flow. As a result of the SVD, they are sorted in
a decreasing order, i.e. the first POD modes account for the dominant fluctuations.
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Lastly, the time-coefficients c; (t) are obtained from the projection of the fluctuating
velocity field u'(x,t) onto the basis of the orthonormal spatial functions @(x) as
follows

() =u'(x, )P, (x) (3.22)

The so-called coherent fluctuations can be identified by this procedure with the
first M most energetic POD modes. Based on those modes the velocity field can be
reconstructed as follows

M (3.23)
W(EH = U@+ ) Pu(x)- cult)
k=1

This spatial coherence tends to halve for the two modes k =3 and k = 4, which
represent smaller-scale wake fluctuations. The corresponding ROM reconstruction
of the velocity field based on the first two modes and shown in Fig. 3.26 only retains
the large-scale wake fluctuations, while filtering out the smaller-scale ones.
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Figure 3.26 Instantaneous velocity snapshot and corresponding ROM reconstruction
based on the POD modes k = 1 and k = 2. Colors coded out-of-plane component. Vectors
plotted every 5th grid point represent in-plane components. x/D = 0.3. Rep = 67,000.
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CHAPTER 4

“You tackle a stairway face on,

for if you try it backwards or sideways,

it ends up being particularly uncomfortable.”
Julio Cortazar, Cronopios and Famas

AFTERBODY EFFECTS ON AXISYMMETRIC BASE
FLOWS

Abstract This chapter investigates the behavior of the turbulent separated flow over
an axisymmetric backward facing step (BFS) towards variations in the step height h.
Two-component PIV measurements are conducted in the near-wake of an ogive-cylinder
with afterbody for a diameter-based Reynolds number Rep = 67,000. The step height
is varied during the measurements by increasing the afterbody diameter starting
from a reference truncated-base configuration (i.e. without afterbody) to a maximum
diameter ratio d/D = 0.8. For the same step height additional measurements are conducted
on planar BFS geometries. The mean reattachment distance is found to vary between
2 h and 4 h with increasing afterbody diameters, while the size of the velocity defect
shrinks from 1.2 D to 0.4 D. For sufficiently small values of the step height, viz.
h/D <0.2, the reattachment behavior appears comparable to what observed for the corresponding
planar configurations, thus suggesting an important influence of the base axisymmetry
on the development of the separated flow. The distribution of the vorticity thickness
along the reattachment length gives no evidence of afterbody effects on the shear layer
growth rate. Instead, the streamwise distributions of the turbulence statistics, especially
in the vertical directions, reveal a marked influence of the base geometry on the flow
unsteadiness. Snapshot POD analysis of the fluctuations shows the inhibition of the
shear layer flapping mode for diameter ratios d/D > 0.4.

The current results promote the hypothesis that the size of the afterbody and geometry,
viz. planar versus axisymmetric, plays a crucial role in the development of a turbulent
separated flow, by influencing the reattachment location and strongly interfering
with the large-scale fluctuations”

“This work has been published in Gentile et al (2016) AIAA Journal 54(8):2285-2294.
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4.1 Introduction

Turbulent separated flows past axisymmetric objects are often encountered in the
engineering applications involving aerospace vehicles. Such flows result from the
abrupt changes in the rear geometry of so-called bluff bodies and feature the development
of a free shear layer bounding an inner region of low-speed recirculating flow. The flow
field establishing downstream of the trailing edge, commonly referred to as near-wake,
has been widely investigated in literature (cf. chapter 2).

Past experimental studies conducted over the entire subsonic flow regime (cf.
Merz et al 1978 and Merz 1979) showed that the recirculation region in the turbulent
near-wake behind a cylinder is characterized by strong pressure fluctuations, whose
frequency is inversely proportional to the incoming flow speed. More recent experiments
conducted in the subsonic regime by Wolf et al (2012) on a blunt-based rocket model
showed a significant reduction of the near-wake fluctuations when adding an afterbody
to the truncated base. The latter configuration is often regarded in literature as an
axisymmetric backward facing step (BFS) and is widely investigated in the transonic
regime as a generic geometric model of the afterbody configuration of modern space
launcher vehicles. Wall-pressure measurements conducted by Dépres et al (2004)
revealed that depending on the length of the afterbody with respect to the main body
diameter, i.e. L/D, such flows could either feature impingement of the separated
shear layer onto the surface of the afterbody, i.e. solid reattachment, or convergence
of the separation streamlines with formation of a stagnation point away from the
base, i.e. fluidic reattachment.

In the case of planar BFS flows Eaton and Johnston (1981) and Jovic and Driver (1994)
identified the step height h and the thickness of the separating boundary layer as
main governing parameters of the reattachment length x,. Experiments conducted by
Hudy et al (2005) on an axisymmetric BFS geometry showed a downstream shift of
the reattachment position with increasing step height-based Reynolds numbers Rey.
Furthermore evidence was given in both the axisymmetric and the planar case, of a
cyclical variation of the reattachment point due to the unsteady nature of the separated
flow (Le et al 1997; Spazzini et al 2001; Deck and Thorigny 2007).

Despite the similarities of planar and axisymmetric BFS flows, especially within
the first half of the reattachment region (Eaton and Johnston 1981), the comparison
between the available data reveals some major differences, which can be mainly
ascribed to three-dimensionality effects.

The present study focuses on the influence of the base geometry on the behavior of
separating and reattaching turbulent flows with particular emphasis on the scaling of
the reattachment length. The main objective is to determine to what extent the three-dimensionality of
the base makes the axisymmetric reattachment process deviate from the planar case.
Further goal of the investigation is to assess the influence of the step height on the
separated flow topology and on the development of the large-scale unsteadiness.

Two-component PIV measurements are carried out on an axisymmetric BFS geometry
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consisting of an ogive-cylinder with afterbody. The step height is varied by changing the
afterbody diameter. Additional measurements are performed on equivalent planar BFS
geometries to compare the scaling of the reattachment distance in the axisymmetric
and in the two-dimensional case. The mean flow topology, turbulence statistics, and
shear-layer development are characterized. Lastly, the effect of the base geometry on
the large-scale fluctuations is analyzed using the snapshot POD method (Sirovich 1987).

4.2 Experimental setup

4.2.1 Flow facility and wind tunnel model

The measurements were conducted in the low-speed wind tunnel (W-Tunnel)
operated at the Aerodynamics Laboratories of Delft University of Technology.

//\\
[\
f |
—

a) \

b)

Figure 4.1 Schematics of the experimental geometries. Side and end view of the axisymmetric
BFS model (a). Side view of the planar BFS model (b).

The model was an axisymmetric BFS comprising an ogive-cylinder of total aspect
ratio L/D = 5 with blunt trailing edge equipped with a cylindrical afterbody of smaller
diameter d (Fig. 4.1a). The afterbody length ensured reattachment of the shear layer
on the wall for all experimental conditions (Dépres et al 2004). A 10 mm wide
roughness element was placed just downstream of the nose-to-body junction in order
to ensure a fully turbulent boundary layer at the trailing edge. The model was supported
from the bottom by a thin vertical plate with sharp trailing and leading edges. This
support was further installed on a mounting system allowing for translations in the
streamwise direction and adjustment of the yaw and the pitch angle, in view of the
reported sensitivity of the turbulent axisymmetric wake towards angular misalignments
(Klei 2012; Wolf et al 2013). The model was placed within an extension of the test
section featuring Plexiglas walls, which allowed full optical access.

The afterbody to main body diameter ratio was varied during the experiments in
the range &/D = {0; 0.2; 0.4; 0.6; 0.8}, yielding a non-dimensional step height range
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WD ={0.5; 0.4; 0.3; 0.2; 0.1}. The resulting step-height-based Reynolds number Re,
was between 6,700 and 33,000.

Table 4.1 Experimental test cases overview
Geometry U, [m/s] d/D h/D Rey,
Axisymmetric 20 0.0 0.5 33,000
Axisymmetric 20 0.2 0.4 27,000
Axisymmetric 20 0.4 0.3 20,000
Axisymmetric 20 0.6 0.2 13,000
Axisymmetric 20 0.8 0.1 6,700
Planar 20 - 0.4 27,000
Planar 20 - 0.3 20,000
Planar 20 - 0.1 6,700

For the comparison between axisymmetric and planar case, additional
measurements were performed on a planar BFS plate featuring an elliptical nose
with 3:1 aspect ratio (Fig. 4.1b). The step height was varied during the experiments
in order to account for non-dimensional step heights between h/D =0.1 and
h/D =0.4, D indicating the axisymmetric model base diameter. The reader is
referred to section 3.1 of the present dissertation for a detailed description of the
flow facility and wind tunnel models. An overview of the present experimental test
cases is provided in Table 4.1.

4.2.2 Measurement apparatus and procedure

Two-component PIV measurements were performed in a plane aligned with
the freestream flow and containing the model symmetry axis. The region of interest
spanned from 1 cm upstream of the separation point up to approximately 1.5 cm
downstream of the largest reattachment distance found in the present study.

The flow was seeded by a SAFEX smoke generator with droplet tracers of
1um diameter at a uniform concentration of approximately 5 particles/mm?®.
llumination was provided by a Quantronix Darwin Duo Nd-YLF laser
(2x25 ml/pulse at 1kHz). Two Photron FastCAM SAl1l.1 CMOS cameras
(maximum resolution 1024 x 1024 pixels, 20 um pixel pitch) each one equipped
with 105 mm Nikkor objective were used to record the light scattered by the tracer
particles (Fig. 4.2).The data were recorded at each streamwise station at two distinct
frequencies, viz. 100 Hz and 2 kHz, in order to retrieve statistically converged
information on the separated flow field and capture the characteristic time-scales of
the large-scale fluctuations.
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Figure 4.2 Wind tunnel model and P1V illumination and imaging setup for the measurements on
the axisymmetric configurations. Side view (a). Top view (b).

Table 4.11 Main PIV measurement settings
Diameter-based Reynolds number Rep 67,000
Laser sheet thickness t 2 mm
Laser pulse separation At 25 ps
Obijective f- number fy 2.8
FOV size 55 x 55 mm?
Image magnification M 0.33
Vector pitch 0.24 mm
Acquisition frequency faq 100 - 2000 Hz
Data ensemble size N 2000
Measurement duration T 1-20s

Considering the wake flow sensitivity towards small misalignments (cf.
section 3.3), preliminary experiments were conducted on the truncated-base
configuration such to verify the alignment of the model with respect to the
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freestream flow. An overview of the main PIV measurement parameters is provided
in Table 4.11.

4.2.3 Data processing and assessment

The recorded images were pre-processed to reduce the effects of light reflections
from the model surface and background intensity. An iterative multigrid spatial
cross-correlation algorithm based on window deformation (Scarano and Riethmuller 1999)
was used for image interrogation. Spurious vectors were removed from the resulting
vector fields by use of a median filter (Westerweel and Scarano 2005). For further
details on the data processing the reader is referred to subsection 3.2.1.

Table 4.111 Overview of the main uncertainty contributions
Uncertainty on wall-location 44 0.1-0.2mm
Cross-correlation uncertainty € 0.1 pixels
Instantaneous velocity uncertainty €,/U., 1.5%
Statistical uncertainty ez/U., 0.8%
Velocity fluctuations uncertainty e,/<u’>px 2.0%
Reynolds shear stress uncertainty €/<u’v’>pax 7.0%

The average cross-correlation signal-to-noise (SNR) was estimated to be above 3
for the present measurements. The main uncertainty contributions are listed in
Table 4.111. Details on the evaluation of such contributions are provided in
section 3.3.

4.3 Results

4.3.1 Boundary layer properties

The mean boundary profile was examined 5 mm upstream of the trailing edge in
order to assess the conditions of the separated shear layer. The sum of correlation
approach (Meinhart et al 1999) was used to enhance the spatial resolution in proximity
of the wall. Valid velocity data could be obtained up to z =0.3 mm above the wall (i.e.
z/095 = 0.06), where the streamwise component of the velocity was approximately 33% of
the freestream value. Below this ordinate the boundary layer properties were obtained with a
linear extrapolation of the velocity profile to the wall.

Table 4.1V Boundary layer properties
U, [m/s] s [mm] & [mm] 6 [mm] H Rey
20 48+012 11+010 068+£001 17010 90020
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The thickness of the boundary layer is herein identified with the z-position where
the velocity reaches 95% of the freestream value and was estimated to be
dqs = 4.8 mm. The resulting boundary layer integral parameters are provided in Table 4.1V

along with the uncertainty values associated with the wall identification error.
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Figure 4.3 Mean boundary layer velocity profile 5 mm upstream of separation.

4.3.2 Mean flow field

Axisymmetric and planar BFS flows are examined hereafter for various values
of the step height h. Throughout the discussion the main body diameter D is used as
a scaling parameter for the spatial coordinates (X, z), whereas the freestream velocity
U, is used to normalize the velocity components (u, w). The different test cases are
identified using either the diameter ratio d/D or the non-dimensional step height h/D.

The mean flow field found for the different axisymmetric configurations is
presented in Fig. 4.4. The backflow region is highlighted by a white contour line to
ease visualization. The color contours of the longitudinal velocity define the
development of the velocity defect downstream of the trailing edge. The latter
features thickening of the shear layer in the streamwise direction and reduction of
the inner reversed-flow region. In absence of rear-protrusion (i.e. h/D=0.5 or
d/D = 0) the end of the separated region is identified with the rear-stagnation point
located at x/D = 1.2 and is referred to as point of fluidic reattachment. In presence of
an afterbody instead, the end of the separated region is identified as the first location
along the afterbody wall where the longitudinal velocity changes from negative to
positive.

For d/D =0 (Fig. 4.4a) the mean streamlines define a torus-like vortex region
with foci in the xz- plane at (x/D, r/D) = (0.60, 0.37) surrounding the backflow
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region. The velocity of the reversed flow is found to attain a maximum of 0.3 U,
downstream of the vortex core at x/D = 0.7, which point is located at approximately
60% of the rear-stagnation point.

UU, -02 0 0.2 0.4 0.6 0.8 1

1] 0.4 0.8 1.2
x/D

Figure 4.4 Time-averaged velocity field for increasing d/D. Color coded longitudinal
velocity. White contour line indicating backflow region. White dots indicating foci and
reattachment points. Model in gray.
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A good agreement is found with the experimental results of Wolf et al (2012) for
a similar configuration, which identified the rear-stagnation point at x/D = 1.25 and
documented a maximum backflow velocity of 0.32 U,, at x/D = 0.75.

The topology of the streamlines returning from the rear-stagnation point towards
the base shows a small degree of asymmetry, reflecting the presence of a residual
misalignment of the model with respect to the freestream flow. The surveys of
Klei (2012) and Wolf et al (2013) give evidence of substantial asymmetries in the
mean topology of the wake for misalignment angles in the order of +0.3°. In the
current measurements such misalignments were estimated to be below 0.1°.

Table 4.V Reattachment length x, for increasing d/D

Author d/D h'D xf/D  Xxr/h Reh 6/h
Current axi 0.0 05 1.2 2.4 33,000 0.03
Current axi 0.2 04 12 3.0 27,000 0.03
Current axi 0.4 03 10 3.5 20,000 0.05
Current axi 0.6 02 08 4.1 13,000 0.07
Current axi 0.8 01 04 4.2 6,700 0.14

Wolf et al (2012) 0.0 05 13 25  925.10° -
Wolf et al (2012) 0.4 03 11 37 15-10° -
Hudy et al (2005) 0.8 0.1 04 5.0 32,327 0.15
Hudy et al (2005) 0.8 01 04 4.3 5,980 0.10
Current 2D - 0.4 2.4 59 27,000 0.03
Current 2D - 03 138 5.9 20,000 0.05
Current 2D - 0.1 0.5 5.1 6,700 0.15
Spazzini et al (2001) - - - 6.5 16,000 -
Spazzini et al (2001) - - - 6.1 10,000 -
Spazzini et al (2001) - - - 5.4 5,100 -

Adding an afterbody of relatively small diameter, viz. d/D = 0.2, to the truncated
base does not seem to alter the mean near-wake topology substantially in terms of
vortex core location and reattachment distance (Fig. 4.4b). However, the reattachment
distance progressively reduces up to 0.4 D when further increasing the afterbody diameter
ratio to d/D = 0.8, yielding a corresponding reduction of the shear layer curvature
and shrinking of the backflow region (Fig. 4.4c-e). The process above is accompanied
by the appearance of a secondary (counter-rotating) recirculation region near the
junction between the main body and the afterbody. This secondary vortex grows
with decreasing step heights, becoming almost as large as the main recirculation region
for d/D =0.8. The development of a similar secondary vortex region has been reported
for axisymmetric (Deck and Thorigny, 2007; Wolf et al 2012; Hudy et al 2005) as
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well as planar (Spazzini et al 2001) BFS flows and displays a cyclical process of
growth-decay up to length-scales in the order of the step-height h.

The reattachment lengths x, found for the test cases above are provided in
Table 4.V. The values obtained for the equivalent planar geometries as well as values
extracted from former studies (Spazzini et al 2001; Hudy et al 2005; Wolf et al 2012)
are reported for comparison.

The reattachment length scaled with the step height, x./h, is shown in Fig. 4.5
as a function of the diameter ratio d/D. Despite of the progressive shrinking of the
separated region shown in Fig. 4.4, the reattachment distance is found to increase
from 2.4 h to 4.2 h with increasing diameter ratios. The data of Wolf et al (2012)
show the same trend with a good quantitative agreement. The results of
Hudy et al (2005) suggest an important influence of the Reynolds number, which in
that study was varied by changing the flow speed while leaving the step height
unchanged. This then also changes the boundary layer properties at the location
where the flow separates.
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Figure 4.5 Non-dimensional reattachment length as a function of d/D. The error bars
represent the uncertainty 4x, in the identification of the reattachment location.

A comparison between planar and axisymmetric flow reattachment is presented
in Fig. 4.6, where the reattachment distance is displayed as a function of the
Reynolds number Rey. For the present experiments, larger values of Re,. (i.e. larger
step heights) are found to promote the reattachment in the axisymmetric case, while
delaying it in the planar case.

For step heights below a certain value (i.e. h/D<0.2 or d/D>0.6) the
reattachment lengths of planar and axisymmetric configurations appear to scale
similarly, thus reflecting a diminishing influence of the axial symmetry of the base
geometry.
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The data extracted from Hudy et al (2005) outline a behavior which shares more
similarities with the planar geometries considered in both the present investigation and
the study of Spazzini et al (2001). This seeming discrepancy reflects the circumstance
that in the study of Hudy et al (2005) the Re, is increased by increasing the flow
speed. Thus, for a planar geometry, as well as for an axisymmetric one with constant
diameter ratio, the scaling of the reattachment length is governed by the Reynolds
number, with consequent reduction of the thickness of the separating boundary layer
and increase of the reattachment distance (Eaton and Johnston 1981). The present
axisymmetric data on the other hand, were achieved at a constant flow speed and
varying afterbody-to-base diameter ratio, and are hence dominated by geometry
effects.

2| — Current - ax

— Current - 2D

| O Hudy et al (2005)
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Figure 4.6 Non-dimensional reattachment length as a function of Rey,. Error bars represent the
uncertainty Ax, in the identification of the reattachment location.

4.3.3 Shear layer development

The effects of the base geometry on the shear layer development over the
axisymmetric BFS are discussed based on the time-averaged velocity data. For
this purpose the streamwise evolution of the vorticity thickness is examined. The
latter is computed according to the definition by Smits and Dussauge (2006)

AU(x)

dU(x,z)
0z

O () = ) (4.1)

max, (

wherein AU is the maximum velocity difference across the shear layer and % is

the velocity gradient at a given station.

61



Afterbody effects on axisymmetric base flows

The vorticity thickness increases at an approximately linear rate in the
streamwise direction and saturates in proximity of the reattachment point, where a
plateau is attained (Fig. 4.7). The shear layer development displays no sensitivity
towards the base geometry. In fact, the rate of increase of the vorticity thickness is
found to be do,/dx ~0.27 for all configurations examined. At transonic speed
Schrijer et al (2014) and Deck and Thorigny (2007) reported a slightly lower value, viz.
doJdx ~ 0.2, for a similar afterbody configuration with d/D =0.4. This discrepancy is
attributed to compressibility effects (Slessor et al 2000).

0.4
—d/D=0.0
| —d/D=0.2
—d/D =104
d/D = 0.6
03F _ap=0s8
a
=502}
w

dé /dx ~0.27
0.1 ¥

Figure 4.7 Streamwise evolution of the vorticity thickness for increasing afterbody diameter
ratios d/D.

4.3.4 Turbulence statistics

The spatial distributions of the Reynolds normal and shear stresses are
examined in relation to the flow unsteadiness. The color contour plots of the
normal stresses in the longitudinal direction <u’>"? and in the vertical direction
<w’?>"2 are shown in Fig. 4.8 and 4.9 respectively.

The color contours show the intensification of the longitudinal fluctuations along
the mixing layer. The peak values are found to reduce from 0.18 U_ to 0.13 U_ with
increasing afterbody diameters. The vertical fluctuations intensify in proximity of
the reattachment in a region, which is located close to the wake axis in the
truncated-base case and close to the wall in presence of the afterbody. The peak
values of the vertical fluctuations are found to reduce from 0.19U_to 0.10 U
with increasing afterbody diameters, thus revealing a pronounced sensitivity
towards the base geometry. This behavior is ascribed to the obstruction by the
afterbody towards the radial motion of the shear layer.
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Figure 4.8 RMS of the longitudinal velocity fluctuations for increasing d/D. Mean reattaching
streamline in black. White dots indicating foci and reattachment points. Model in gray.
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<w>"/U_  0.02 0.06 0.1 0.14 0.18

<w’>"/U_ 0.02 0.06 0.1 0.14

Figure 49 RMS of the vertical velocity fluctuations for increasing d/D. Mean reattaching
streamline in black. White dots indicating foci and reattachment points. Model in gray.
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Figure 4.10 Reynolds stresses for increasing d/D. Mean reattaching streamline in
black. White dots indicating foci and reattachment points. Model in gray.

The current results are in good agreement with the studies of Wolf et al (2012)
who investigated a similar truncated-base rocket configuration. These authors in particular,
reported a reduction by approximately 25% in the turbulence intensity upon addition
of an afterbody with d/D = 0.4.

The current results are in good agreement with the studies of Wolf et al (2012) who
investigated a similar truncated-base rocket configuration. These authors in particular,
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reported a reduction by approximately 25% in the turbulence intensity upon addition of
an afterbody with d/D =0.4. The peak values found for the fluctuations in both
directions are comparable to the values reported in Wolf et al (2010), wherein the
fluctuations attained maxima of approximately 0.19 U_ in both the longitudinal and
vertical direction in a region between x/D = 0.75 and x/D = 1.75.

Fig. 4.10 shows the distributions of the Reynolds shear stresses <-u’w’>
obtained for increasing afterbody diameters. To ease the comparison only the half-plane
z/ID >0 is displayed for the bluff-based case (i.e. d/D =0). The peak values are
concentrated in the mixing layer and are found to reduce from 0.016 U, to
0.009 U?, with increasing diameter ratios.

4.3.5 Proper Orthogonal Decomposition

Snapshot POD analysis of the velocity fluctuations (Sirovich 1987) was
conducted in order to examine the near-wake large-scale fluctuations. Details on the
adopted mathematical procedure are provided in section 3.4 of the present
dissertation.
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Figure 4.11 Energy distribution over the POD modes.

To ensure a comparison of the different cases on domains of equal size, the
analysis of the truncated-base case was restricted to the half-plane z/D > 0. Thus, the
domain of analysis spanned over approximately 1.5 D in the streamwise direction
and 0.6 D in the vertical direction for all cases considered. The relative contributions
of the first 10 POD modes to the flow turbulent kinetic energy are shown in
Fig. 4.11.

The spectra outline a progressive decrease in the importance of the low-order
modes with increasing afterbody diameters (i.e. smaller step heights). Such a
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behavior is indicative of a decreasing large-scale organization from the scale of the
afterbody diameter to that of the step height. In particular, in absence of a central
protrusion mode k = 1 captures almost 16% of the total turbulent kinetic energy of
the flow, whereas its contribution reduces to 4.5% as the afterbody diameter is
increased up to d/D = 0.8.

For this latter case no dominant mode can be identified in the spectrum, thus indicating
the absence of a large-scale organization in the flow. An overview of the energy
contributions of the first three modes is given in Table 4.VI.

Table 4.VI Relative energy content of the first three POD modes
Author d/D h/D Reh M [%] A [%]  As [%]
Current axi 0.0 0.5 33,000 15.9 7.1 5.9
Current axi 0.2 04 27,000 13.8 6.3 4.3
Current axi 04 0.3 20,000 14.8 6.5 3.9
Current axi 0.6 0.2 13,000 9.9 5.8 4.2
Current axi 0.8 0.1 6,700 4.5 4.1 3.9

Wolfetal (2012) 00 05 95.105 145 58 40
Wolfetal (2012) 04 03 15.105 88 69 35
Schrijeretal (2014) 04 03 32.104 160 9.0 6.0

The spatial distribution of the first POD mode k = 1 is shown in Figure 4.12. The
color contours of the longitudinal component of the mode define a region of intense
fluctuations, with peaks attained in proximity of the reattachment. The in-plane vectors
indicate the occurrence of a nearly vertical upward motion close to the wall. Such a
concentration of streamwise momentum is commonly associated with a flapping motion
of the shear layer (Wolf et al 2012; Schrijer et al 2014). The energy contribution of the
first mode is found to reduce with increasing afterbody diameters. This fact reflects the
inhibition of the radial fluctuations of the shear layer due to the presence of the afterbody.

The spatial distributions of the modes k =2 and k = 3 are reported in Fig. 4.13
and 4.14 respectively. The two modes feature a succession of high and low
streamwise momentum regions, whose extension increases with increasing step
heights. The alternating of upward and downward motions outlined by the in-plane
vectors is associated with shear layer undulation. Based on their relatively similar
energy contributions, particularly for large diameter ratios (cf. Fig. 4.11), their
combination can be identified with a convective mode. A similar interpretation is
provided for d/D = 0.4 by Schrijer et al (2014).

The present analysis is concluded by examining the frequencies involved in the
most energetic fluctuation modes, as identified with the POD. For this purpose low
and high repetition rate measurements are combined.
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Figure 4.12 POD mode k = 1. Color coded longitudinal component. In-plane vectors
plotted every 10th grid point represent in-plane components \/Z@LX/UDO and \/11¢1,Z/Uw.
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Figure 4.13 POD mode k = 2. Color coded longitudinal component. In-plane vectors
plotted every 10th grid point represent in-plane components \/,12<I>2,X/Uw and \//btbzzluw.
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Figure 4.14 POD mode k = 3. Color coded longitudinal component. In-plane vectors
plotted every 10th point represent in-plane components VA;®; /U, and \i;®; /U.,.
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The power spectral density distributions of the first mode k = 1 associated with
the shear layer flapping cy(t) are presented in Fig. 4.15. For conciseness and clarity,
the analysis is restricted to three representative configurations, namely d/D =0, 0.4
and 0.8. A significant contribution is displayed for d/D < 0.4 in the very-low-frequency
range corresponding to Stp = 107°- 10 which can be identified with the inner
backflow unsteadiness (Rigas et al 2014; Grandemange et al 2014; Gentile et al 2016a).
Due to the orientation of the measurement plane this instability cannot be captured
in the present study, as it occurs in the azimuthal-radial plane of the wake. However,
the results of additional measurements conducted in this plane show the occurrence
of a backflow motion for diameter ratios d/D <0.4 (Gentile et al 2016c). The
truncated-base configuration also features a peak in the low-frequency range
corresponding to Stp = 0.2, which is traditionally attributed to the vortex shedding.
The latter disappears in presence of the afterbody due to its interference with the
shear layer radial motion.

0.25
—d/D=0
—d/D=04
0.2 d/D=0.8
0.15
S
B
0.1
0.05
0 : |ﬁm;’*f:-\#" L

Figure 4.15 Power spectral density of POD time coefficient cy(t) for different values of
d/D. Solid line represents low-repetition rate data. Dashed line represents high-repetition
rate data.

4.4 Conclusions

The influence of the base geometry on the behavior of the turbulent separated
flow over an axisymmetric BFS was investigated at a diameter-based Reynolds
number Rep = 67,000.

Two-component Particle Image Velocimetry measurements were conducted for
different values of the step height h by varying the afterbody diameter from a
reference truncated-base configuration, viz. without afterbody, up to a value
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comparable to the main body base diameter. The mean velocity field showed that
increasing the afterbody cross-section reduces the extension of the separated region
and induces the growth of a secondary counter-rotating vortex at the junction
between base and afterbody. Using the step height as a scaling parameter however,
outlined an increase in the reattachment distance between 2.5h and 4.2 h. The
comparison with the data obtained for equivalent planar BFS flows revealed an
opposite trend, whereby the reattachment distance increased from 5h to 6 h with
increasing step heights. The two configurations were found to feature similar
reattachment distances for sufficiently small values of the step height, viz. h/D <0.2,
reflecting a decreasing influence of the axial symmetry on the behavior of the
separated flow.

The normal and Reynolds shear stress distributions outlined a substantial
weakening of the turbulent fluctuations associated with the shear layer development,
particularly along the vertical direction, which reflected the inhibition of the radial
motion of the shear layer due to the afterbody. POD analysis gave further evidence
of a progressive inhibition of the shear layer flapping mode k=1 for increasing
diameter ratios. A convective mode associated with shear layer undulation could be
identified with a mode-pair k =2, 3 for d/D <0.4. In the latter case the frequency
spectra of the first POD time-coefficient highlighted a significant contribution of the
flapping mode in the non-dimensional frequency range Stp = 10 - 10, which was
ascribed to the very-low-frequencyinstability of the backflow region occurring in the
azimuthal plane. The truncated-base configuration displayed a second contribution
at the shedding frequency Stp = 0.2.

Based on the present data it could be argued that both the flow organization and
the low-frequency unsteadiness associated with the shear-layer development are significantly
influenced by changes in the afterbody geometry, although the separated flow preserves its
major features in the presence of a central protrusion for d/D < 0.4.
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CHAPTER 5

“The one who is happy stands still.”
Thomas Mann, The Buddenbrooks

LOW-FREQUENCY BEHAVIOR OF THE TURBULENT
AXISYMMETRIC NEAR-WAKE

Abstract This chapter surveys the low-frequency unsteadiness dominating the dynamics
of the near-wake of an ogive-cylinder. Time-resolved stereoscopic PIV measurements
are carried for a Reynolds number Rep = 67,000 in different azimuthal-radial planes
downstream of the trailing edge. The long-time averaged velocity field renders a toroidal
wake topology characterized by an annular shear layer bounding an inner region of
recirculating flow. The most intense backflow is found occurring at approximately
60% of the rear-stagnation point location (cf. chapter 4). Inspection of instantaneous
PIV snapshots reveals the occurrence of an azimuthal meandering of the reversed-
flow region, characterized by a significant radial offset with respect to the mean position.
The latter appears dominating the near-wake dynamics in proximity of the base,
whereas the fluctuations associated with the shear layer development become dominant
closer to the rear-stagnation point. The time-history of the backflow centroid posi-
tion allows this motion to be identified with a precession about the model symmetry
axis, occurring with exceptionally long time-scales, viz. in the order of 10° D/U,, or
higher, and characterized by a strong erratic character. Three major modes of fluctuations
are identified by snapshot POD of the velocity fluctuations. A dominant mode m =1
is linked with anti-symmetric radial displacement of the inner backflow region close
to the base, viz. x = 0.375 D, which evolves into a global wake displacement closer
to the rear-stagnation point, viz. x>0.75 D. At these stations an anti-symmetric
mode m = 2 can be identified with smaller-scale shear layer fluctuations, which induce a
wake ovalization. An axisymmetric mode m = 0 linked with streamwise pulsation of
the backflow region is further identified at x =0.375 D. Inspection of the spatial
eigenmodes and analysis of the frequency spectra of the associated time-coefficients
indicate that close to the base the anti-symmetric mode m = 1 causes a backflow radial
displacement at characteristic frequencies in the range Stp=10"-10% For
x>0.75 D instead, it is found to induce a global wake displacement with characteristic
frequency St = 10™.

It is shown that the low-frequency dynamics of the axisymmetric turbulent wake
is dominated by the inner backflow meandering in proximity of the separation point
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and by the fluctuations associated with the shear layer development closer to the
rear-stagnation point”

“This work has been published in Gentile et al (2016) Physics of Fluids 28(6):065102.
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5.1 Introduction

Turbulent wake flows past bluff bodies of revolution are of relevance for a variety
of engineering systems, particularly in the context of transport industry, and have
been the subject of numerous investigations (cf. Oertel 1990). A dominant feature of
these flows is the large-scale shear layer unsteadiness arising at Reynolds numbers
Rep > 107 as a result of growing unstable modes (Chomaz 2005). Notwithstanding
the technical relevance of these axisymmetric wake configurations, notably for the
high-Reynolds number turbulent regime, they appear to have received much less attention
in comparison to nominally 2D configurations, such as the canonical case of the circular
cylinder wake (Williamson 1996).

Experiments conducted on the turbulent wake flow behind a cylinder aligned
with the freestream (Merz et al 1978 and Merz 1979) showed that the recirculating
flow produces strong pressure fluctuations at the base. From further studies of
Fuchs et al (1979) it emerged that such fluctuations are especially intense in the
low-frequency regime corresponding to a diameter-based Strouhal number Stp =~ 0.2
and appear in the form of large-scale anti-symmetric oscillations reflecting vortex
shedding from alternating sides of the body. Such anti-symmetric oscillations have
been later found to be a major feature of the wake of other more complex configurations,
such as truncated cylinders with afterbody (Dépres et al 2004; Deck and Thorigny 2007).

Recent experimental studies conducted by Rigas et al (2014) on the turbulent
wake of a slender blunt-based body of revolution revealed the existence of an additional
important contribution of this anti-symmetric mode m = 1 occurring at a significantly
lower frequency of Stp = 0.002 and reflecting a slow reorientation of the shedding
plane and of the inner backflow region. This so-called very-low-frequency instability
renders the wake topology asymmetric at all times, the axial symmetry being only
restored upon sufficiently long-term averaging. Spheres (Grandemange et al 2014)
and three-dimensional rectilinear bodies such as Ahmed bodies (Grandemange et al 2012b),
have been shown to feature an analogous backflow behavior, whereby in the latter
case it manifests as an irregular shift of the recirculation bubble between two preferred
anti-symmetric states. Similarly, the stagnation point in the wake of turbulent annular
jets is found to experience a large-scale precession motion with comparable characteristic
time-scales (Vanierschot and VVan den Bulck 2011).

The occurrence of such a backflow unsteadiness has been linked to the persistence
in the fully turbulent regime of the symmetry-breaking mode (Grandemange et al 2014;
Vanierschot and Van den Bulck 2011) with the prescribed symmetry plane continuously
changing its orientation in view of its sensitivity to external perturbations (Grandemange et al 2012a;
Rigas et al 2015). Asymmetries in the near-wake flows of axisymmetric bodies have
been amply documented in literature (cf. Wolf et al 2012) and have been mainly ascribed
to imperfect boundary conditions such as misalignments between wind tunnel model
and freestream flow. Parametric studies conducted on truncated-base rocket models
(Klei 2012; Wolf et al 2013) showed that the mean near-wake topology can be significantly
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distorted by angular misalignments as small as 0.3°. While these results highlight the
importance of a careful experimental setup in the investigation of such flows, the
occurrence of a very-low-frequency backflow unsteadiness also imposes important
constraints on the minimum required observation-time or computation-time in the
context of numerical investigations.

The effects of the backflow unsteadiness on mean, instantaneous and fluctuating
flow field have been documented for three-dimensional (Grandemange et al 2012b)
as well as axisymmetric configurations (Rigas et al 2014; Grandemange et al 2014).
To date, the influence of this instability on the azimuthal-radial wake topology has
been discussed based on either pressure measurements performed on the base (Rigas et al 2014)
or PIV measurements (Grandemange et al 2014) conducted in proximity of the rear-stagnation
point. As a result, the streamwise evolution of the low-frequency unsteadiness of the wake has
not been fully characterized yet.

The current study investigates the spatio-temporal dynamics of a turbulent axisymmetric
wake in different azimuthal-radial planes. Wind tunnel experiments are conducted
on the near-wake flow produced by an ogive-cylinder aligned with the freestream
flow, for a Reynolds number Rep = 67,000, based on the model diameter. Stereoscopic
PIV measurements are performed in cross-flow planes evenly distributed in the
streamwise direction such to encompass the near-wake development from the separation
point until beyond the reattachment location. Snapshot POD (Sirovich 1987) analysis is
conducted in order to examine the large-scale fluctuations dominating the near-wake
dynamics.

5.2 Experimental setup

5.2.1 Flow facility and wind tunnel model

Experiments were conducted on the turbulent wake flow behind an ogive-cylinder
geometry (Fig. 5.1) at a Reynolds number Rep = 67,000, based on the model diameter.
A detailed description of the flow facility and wind tunnel model can be found in
section 3.1.

Tripping wire A .

Figure 5.1 Schematic side and back view of the model with coordinate system.
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5.2.2 Measurement apparatus and procedure

Stereoscopic PIV measurements were performed in azimuthal-radial planes located
at x/D = {0.375, 0.75, 1.125, 1.5} such to encompass the near-wake development, based
on a rear-stagnation point location x/D = 1.2 (cf. chapter 4).
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Figure 5.2 Schematic layout of the experimental setup with illumination and imaging
configuration. Side (a) and top view (b).

A Quantronix Darwin Duo Nd-YLF laser was used for illumination, whereas the
recordings were performed with two Photron FastCAM SA1.1 CMOS cameras.
The illumination and imaging setup are schematically illustrated in Fig. 5.2 below.

5.2.3 Data processing and assessment

An intensity normalization procedure (Adrian and Westerweel 2011) was
applied to the images in order to reduce background intensity and reflections from
the model surface. An iterative multi-grid cross correlation analysis based on
window deformation (Scarano and Riethmuller 1999) was used for image
interrogation, whereas spurious vectors were detected by means of a median filter
(Westerweel and Scarano 2005). For further details on the data processing the reader
is referred to subsection 3.2.1.

The average cross-correlation signal-to-noise ratio (SNR) was measured to be
higher than 4 inside the wake, with a minimum of 1.5 in the shear layer region.
Based on the latter values and on the relative size of the interrogation window, the
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present measurements are considered suitable for the description of the large-scale
wake dynamics, but not for the analysis of the shear layer fine-scale turbulence.

Table 5.1 Main stereoscopic PIV measurement settings

Freestream velocity U,,
Diameter-based Reynolds number Rep
Streamwise measurement planes x/D
Laser sheet thickness t

Laser pulse separation A¢

Cameras viewing angle f

Obijective f- number fy

FOV size

Image magnification M

Vector pitch

Acquisition frequency faq

Data ensemble size N

Measurement duration T

20 m/s

67,000
0.375,0.75,1.125, 1.5
3 mm

25 pus

35°

2.8

75 x 75 mm?
0.16

0.7 mm

100 - 2000 Hz
5000
25-50s

An overview of the measurement uncertainty contributions affecting the present
measurements is given in Table 5.11. For details on their mathematical definition the

reader is referred to section 3.3.

Table 5.11 Overview of the main uncertainty contributions

Instantaneous velocity uncertainty €,/U,,
Statistical uncertainty e;/U.,
Velocity fluctuations uncertainty e,/<u’>pa

Out-of-plane to in-plane velocity uncertainty (Prasad 2000) | 3

1%
0.9%
0.6%

5.3 Results

The present analysis is carried out for azimuthal-radial planes located at different
streamwise stations along the model symmetry axis. Throughout the discussion
model base diameter D, freestream velocity U,, and convective-time D/U,, are used
as scaling parameters for spatial coordinates, velocities and time units respectively.
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5.3.1 Flow Field Statistics

As a reference for the following discussion the statistical wake properties are
first discussed in the longitudinal planey = 0.

Figure 5.3 Time-averaged streamlines in the plane y = 0 (cf. Gentile et al 2016b). Foci
and stagnation points in red. Backflow region in gray. PIV measurement planes in
green.

The time-averaged streamlines obtained from the experiments discussed in chapter 4
(cf. Gentile et al 2016b) are shown Fig. 5.3 and define the separated region downstream
of the trailing edge with a rear (or primary) stagnation point located approximately
1.2 D away from the base and a secondary stagnation point located on the base close
to the model axis. The separated flow features a toroidal recirculation region with
foci at (x/D, r/D) = (0.60, 0.33).

The mean velocity profiles obtained in this longitudinal plane at the stations of
interest (Fig. 5.4a) give evidence of the streamwise thickening of the separated shear
layer and of the concurrent shrinking of the reversed-flow region. Intense longitudinal
and radial velocity fluctuations (Fig. 5.4b) are observed close to the separation point,
which are associated with the turbulence of the separating shear layer. Moving away
from separation the longitudinal fluctuations further develop with maxima along the
mixing layer, reflecting the growth of the shear layer structures. The radial fluctuations
instead, tend to intensify in the innermost region close to the model symmetry axis,
reflecting the global instability of the inner backflow.

The streamwise development of the longitudinal velocity shows a good agreement
with the literature (Merz et al 1978; Wolf et al 2012) in terms of both mean and
RMS values. The backflow velocity is observed attaining a maximum of 0.3 U,, at
x/D = 0.7, which point corresponds to approximately 60% of the rear-stagnation
point location (Fig. 5.5). Wolf (2012) and Wolf et al (2012) reported a slightly higher
backflow peak (i.e. 0.32 U,,) at the same station, while Merz et al (1978) reported a
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peak of 0.35 U,.. The longitudinal fluctuations intensify moving away from the base
and attain a maximum of 0.18 U,, at x/D = 1.
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Figure 54 Radial velocity profiles at the measurement stations. Time-averaged longitudinal
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Figure 55 Streamwise distribution of the longitudinal velocity: mean centerline velocity
(black) and maximum longitudinal RMS (red).

Fig. 5.6 shows the mean velocity field in the four azimuthal-radial measurement
planes (y, z). As a further evidence of the streamwise development of the near-wake,
the mean radial location of the shear layer is super-imposed onto the color contours.
The latter is obtained from projection of the point of inflection of the longitudinal
velocity profiles on the azimuthal-radial plane (cf. Fig. 5.4a).

The contours of the mean out-of-plane velocity show a toroidal wake organization
characterized by a circular shear layer bounding an inner region of reversed flow.
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The in-plane velocity gives evidence of a source-like pattern at x/D = 0.375 associated
with the outward motion of the reverse flow in proximity of the stagnation point on
the base. For x/D > 0.75 instead, the convergence of the external streamlines gives
rise to a sink-like pattern. As it will be discussed in the remainder of this chapter and
as reported in recent investigations (Rigas et al 2014; Grandemange et al 2014),
such zero-net vorticity patterns are typical of the current flow configuration and reflect
an equal exploration over time of different asymmetric wake topologies by the backflow
region. The center of the distribution features a slight shift towards the right, revealing
the presence of residual misalignments and giving further evidence of their strong
influence on the selection of the instantaneous wake orientation. The trace of the
shear layer axis is found to move inwards from r/D =0.48 at x/D =0.375, to
r/D = 0.34 at x/D = 1.5, reflecting the convergence of the outer streamlines towards
the model axis and the consequent contraction of the wake cross-section.

U/U, -02 0 02 04 06 08 1

a)

Figure 5.6 Time-averaged velocity field in the plane (y,z). x=0.375D (a), x=0.75D (b),
x=1.125D (c) and x=1.5 (d). Color coded out-of-plane component. Vectors plotted every 5th
grid-point represent in-plane components V/U,, and W/U,,. Model edge in solid white. Mean
shear layer axis in dashed white. Total observation-time is 20,000 D/U.,,.

A velocity defect between 5% and 10% of the freestream velocity, depending
on the measurement location, can be observed in the lower hemisphere of the
separated region and is ascribed to the presence of the model mounting. Velocity
defects up to 0.15 U,, are reported in literature to be associated with significant
wake asymmetries (Wolf et al 2010; Wolf 2012) and have been linked with the onset of
preferred azimuthal periodicities (Grandemange et al 2012).

The spatial distributions of the normalized turbulence intensity defined as

T 1 J<u'2) +(0'2) + (w'2) 6.
2

and presented in Fig. 5.7 further show the streamwise increase in the turbulent fluctuations
associated with the shear layer development. Asymmetries can be appreciated in the
distributions, which appear more pronounced than those observed in the previous

81



Low-frequency behavior of the turbulent axisymmetric near-wake

mean velocity distributions (cf. Fig. 5.6). The latter are regarded here as a further evidence
of the effects of the long-term backflow meandering on the mean wake topology and
further hint at a minor model misalignment with respect to the incoming flow.
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Figure 5.7 Turbulence intensity distribution in the plane (y,z). x=0.375D (a),
x=0.75D (b), x=1.125D (c) and x=1.5 (d). Color coded out-of-plane component.
Model edge in solid white. Mean shear layer axis in dashed white. Total observation-time
is 20,000 D/U..

5.3.2 Instantaneous flow field analysis

Sets of PIV snapshots are herein inspected to retrieve information on the temporal
evolution of the near-wake flow. As the backflow behavior is of particular interest, the
discussion is herein restricted to time-uncorrelated snapshots obtained upstream of the
rear-stagnation point, namely at x/D = 0.375, x/D = 0.75 and x/D = 1.125.

At the most upstream station, viz. x/D = 0.375 (Fig. 5.8a), the instantaneous
velocity field renders a nearly circular wake topology, with minor corrugations of
the external perimeter being ascribed to the turbulence of the separating boundary
layer. This is reflected in the shear layer axis being almost coincident with the trace
of the model base. The flow outside the wake appears unperturbed with respect to
the freestream conditions. In contrast, the inner backflow region is observed experiencing
vigorous fluctuations involving azimuthal meandering over time and substantial radial
offset (i.e. approximately half a base radius) from the mean wake axis. The in-plane
velocity vectors indicate a correlation between outwards in-plane motion and maximum
backflow intensity. This fluctuating pattern reflects the instability of the stagnation
point on the base, whose tendency is to be located away from the wake axis (the
reader is referred to Fig. 5.14 for a schematic illustration of the latter situation). Given
the axial symmetry of the problem, a stable condition is not expected to depend upon
the specific azimuthal position, which fact explains the azimuthal meandering of the
backflow observed in the snapshots.
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Figure 5.8 Instantaneous velocity field in the plane (y, z). x=0.375D (a), x=0.75D (b),
x=1.125 D (c). Color coded out-of-plane component. Vectors plotted every 5th grid-point
represent in-plane components v/U,, and w/U,,. Model edge in solid white. Mean shear layer
axis in dashed white. Cf. Gentile et al (2016a) for corresponding animations.

More significant corrugations of the external wake perimeter are observed moving
downstream at x/D = 0.75 D (Fig. 5.8b). Such corrugations are attributed to the
interactions between the flow inside and outside the separated region. Those interactions
emerge from the in-plane flow pattern and involve localized inrushes of high-speed
fluid from outside the wake and eruptions of low-speed fluid from inside the wake,
which also involve the inner backflow region. Fluctuations of the backflow region
along the azimuth are still observable. However, the motion appears confined in
proximity of the wake geometric center, reflecting the vanishing effect of the adverse
pressure gradient away from the base region. In proximity of the rear-stagnation
point, viz. at x/D=1.125 (Fig. 5.8¢), the distortion of the wake perimeter becomes
more pronounced as the interaction between wake and outer flow tends to involve
almost the entire wake perimeter.

The azimuthal backflow meandering emerges from the previous discussion as a
large-scale mode of fluctuation, which displaces the backflow region with respect to
the so-called nominal axisymmetric position (cf. Fig. 5.6). This mode has been documented
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for a similar configuration by Rigas et al (2014) based on base pressure measurements.
In the present work it is discussed by examining the instantaneous position of the
backflow centroid in relation to the wake topology, following the same approach
shown in Grandemange et al (2012b). In order to examine the backflow centroid position
in relation to the near-wake topology, a sliding-average operation is applied over a
time-interval of 40 D/U,, (i.e. 0.1s, corresponding to 10 snapshots acquired at
100 Hz).
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Figure 5.9 Short-time-averaged (4¢=40D/U,) velocity field in the plane (y, 2).
x=0.375D (a), x=0.75D (b), x =1.125 D (c). Gray level coded out-of-plane component.
Vectors plotted every 5th grid-point represent in-plane components v/U,, and w/U,.. Model
edge in solid red. Mean shear layer axis in dashed red. Short-time averaged backflow centroid
in red. Long-time averaged backflow centroid in yellow. Cf. Gentile et al (2016a) for corresponding
animations.

This operation allows for filtering the small-scale fluctuations, while capturing the
characteristic time-scales of the global mode (i.e. 10° D/U,, according to Rigas et al 2014).
Following the approach of Grandemange et al (2012b) the instantaneous position of the
backflow centroid is extracted from the sliding-averaged velocity field as
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The short-time averaged position of the backflow centroid thus obtained is superimposed
onto the backflow velocity contours in Fig. 5.9 (red dot) along with the reference time-averaged
position (yellow dot). The low-pass filtering of the small-scale turbulence to which the
minor corrugations of the wake perimeter were previously ascribed (cf. Fig. 5.8a)
returns a smoother velocity field and further highlights the radial offset between the
instantaneous and the long-time-averaged position of the backflow centroid.
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Figure 5.10 Probability distributions of the backflow centroid position. Two-dimensional
distributions in the azimuthal plane (a). One-dimensional distributions in the radial direction
(b) and in the azimuthal direction (c). Total observation-time is 20,000 D/U,,.
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Figure 5.11 Time-history of the backflow centroid position. Azimuthal coordinate (a).
Radial coordinate (b). Total observation-time is 4,000 D/U,,.

The radial offset between short-time averaged and long-time averaged backflow
centroid appears to be approximately constant over time at all streamwise positions,
whereas the azimuth varies over time. The radial offset is observed decreasing from
a maximum of 0.13 D at x/D = 0.375 to a minimum of 0.05 D attained at x/D = 0.75,
which location is associated with the maximum backflow intensity in the current
study, and to slightly increase again to 0.08 D in proximity of the rear-stagnation
point, viz. at x/D = 1.125. The in-plane velocity vectors indicate that the azimuthal
backflow meandering is associated with lateral fluid motions inside the wake. In
particular, at the most upstream position of x/D =0.375, the region of maximum
backflow exhibits consistently an outward motion, corresponding to positive radial
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velocity and two weak circulatory regions with little to no backflow. Moving
downstream to x/D > 0.75 the inner backflow appears less coherently organized and
no clear correlation between backflow position and in-plane velocity pattern can be
inferred.

The two-dimensional probability distributions of the backflow centroid position
over an observation-time 20,000 D/U,, (i.e. 50 s) define an approximately circular
pattern, reflecting the azimuthal meandering of the recirculation bubble (Fig. 5.10).
The occurrences over the azimuth are rather uniform, yielding a long-time averaged
axisymmetric pattern (cf. Fig. 5.6). This result is in good agreement with the works
of Rigas et al (2014) and Grandemange et al (2014), who report the axisymmetry of
the near-wake topology as a mere long-term statistical property of the turbulent
wake. The one-dimensional probability distributions outline a shift of the most
probable radial coordinate from 0.12 D at x/D =0.375 to 0.08 D and 0.07 D at
x/D =0.75 and x/D = 1.125, respectively. This shift indicates that the backflow precession
motion reduces in amplitude and coherence while moving away from the base, while
the shear layer development tends to dominate the near-wake dynamics. The higher
probability value observed at 8 = 0 appears to correlate with the offset previously
observed in Fig. 5.6, thus being attributed to a small model misalignment with respect
to the freestream flow.

The time-history of the backflow centroid over a portion of the available observation-time
corresponding to 4,000 D/U,, (i.e. 10s) is presented in Fig. 5.11. The time-evolution of
the radial coordinate at x/D = 0.375 gives evidence of a pronounced intermittency of
the backflow motion, which is characterized by excursions about the average radial offset
of 0.12 D. Similar fluctuations are also observed in proximity of the reattachment, viz. at
x/D =1.125, in which case the average radial offset reduces to about 0.07 D. While at
the most upstream station this erratic character reflects the instability of the reversed
flow, in proximity of the reattachment it is rather to be ascribed to the global wake distortion
associated with the shear layer large-scale fluctuations (cf. Figg. 5.8c and 5.9c).

The time-history of the azimuthal coordinate outlines a quasi-periodic motion at
x/D = 0.375, characterized by time-scales of approximately 1,000 D/U,,, corresponding
to non-dimensional frequencies in the order of St ~ 107, Although less regular, an
analogous azimuthal motion can be also observed at x/D = 0.75, with even longer
characteristic time-scales (i.e. 3,000 D/U,,), corresponding to frequencies in the order
of St~3-10". No evidence of such semi-periodic fluctuations is given at
x/D = 1.125, which further shows the vanishing coherence of the backflow fluctuations.

5.3.3 Proper orthogonal decomposition

The large-scale velocity fluctuations dominating the near-wake dynamics are examined
based on snapshot POD analysis (Sirovich 1987). Details on the adopted mathematical
procedure are provided in section 3.4 of the present dissertation.

The spectra illustrating the individual energy contributions obtained from the decomposition
(Fig. 5.12) indicate that typically between 40% to 50% of the turbulent kinetic energy
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of the flow is captured within the first 10 modes, depending on the streamwise station,

with a notably faster energy convergence at the most upstream station
(i.e. x/D = 0.375).
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Figure 5.12 Energy distribution over the POD modes. Individual energy contributions
(a). Cumulative energy contributions (b).

More specifically, the cumulative energy contribution of the first two POD
modes k =1 and k = 2 varies between 37% and 23% when moving away from the
model base. The energy contributions as well as the spatial distributions of the two
modes, which are found to be in azimuthal phase quadrature (cf. Fig. 5.13), suggest
that they are dynamically paired. A further mode pair can be identified at x> 0.75 D
with modes k = 3 and k = 4, each capturing between 4% and 6% of the energy, depending
on the measurement location (cf. Fig. 5.12).The latter contributions in particular, are
found to grow in importance when moving in the downstream direction reflecting
the decreasing large-scale organization of the flow.
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Figure 5.13 POD modesk=1and k=2.x=0.375D (a), x=0.75D (b), x=1.125 D (c)

and x = 1.5 (d). Color coded out-of-plane component. In-plane vectors plotted every 5th
grid point represent in-plane components \/zlktbk,y/Uw and \//Ik¢k,2/Uw. Base edge in solid

white. Mean shear layer axis in dashed white.

This mode pair is not identifiable at the most upstream station x = 0.375 D where
instead, three modes, namely k = 3, 4, and 5 are found to capture similar amounts of

0
y/D
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energy, viz. about 3% of the flow energy budget. A more detailed discussion of the
higher order modes will follow later in the text.

The spatial distribution of the first two POD eigenfunctions is examined to assess
the spatial coherence of the most energetic fluctuations occurring in the near-wake.
The contours shown in Fig. 5.13 define a dipole distribution comprising two diametrically
opposite regions of excess and defect of streamwise momentum respectively,
whereby the linear combination of the two modes represents a radial displacement of
the backflow region in any azimuthal direction.

mm  Momentum excess
mm  Momentum defect
— Model base trace
- - Mean shear layer
- - Displaced shear layer
Mean backflow region
3 Displaced backflow region
+ Mean backflow centroid
+ Displaced backflow centroid
Measurement plane

a)

b)

Figure 5.14 Schematic interpretation of modes k = 1 and k = 2. Inner backflow displacement
close to the base (a). Global wake displacement close to the rear-stagnation point (b).

Such a dipolar organization has been identified by Rigas et al (2014) as an anti-
symmetric mode of azimuthal wave-number m = 1. At x/D = 0.375 the highest
fluctuations are observed in the innermost portion of the wake and can be ascribed
to the precession of the backflow region, whereas more downstream the maxima are
attained along the mixing layer region and reflect the localized inrush of the outer
high momentum flow towards the separated region, which was previously inferred
from Fig. 5.8b-c. It can be argued that the anti-symmetric mode m = 1 evolves in the
streamwise direction reflecting radial displacement of the backflow region close to
the separation point and of the entire wake closer to the reattachment.

These two situations are schematically depicted in Fig. 5.14. In particular, the
former one (Fig.5.14a) is herein interpreted as a radial displacement of the backflow
region with respect to the time-averaged position in the azimuthal-radial plane (left),
which distorts the flow pattern in the longitudinal plane (right) without affecting the
outer wake perimeter. The second situation (Fig. 5.14b) instead, is depicted as a
global radial displacement of the wake, which involves both the shear layer axis and
the backflow region in the azimuthal-radial plane and can be visualized as a vertical
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displacement of the entire wake in the longitudinal plane. In both cases, two diametrically
opposite regions of defect and excess of streamwise momentum are created (cf. Fig.
5.13). The literature has widely reported the second situation, which is commonly
referred to as shear layer flapping mode (cf. Wolf et al 2012; Schrijer et al 2014),
whereas the first one has been only recently identified with a significant contribution
of the anti-symmetric mode m = 1 (Rigas et al 2014).
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Figure 5.15 ROM of the velocity field based on POD modes k =1 and k =2. x=0.375 D (a),
x=0.75D (b) and x =1.125 D (c). Color coded out-of-plane component. Vectors plotted every
5th grid-point represent in-plane components Vgom/U., and Wronm/U... Base edge in solid white.
Mean shear layer axis in dashed white. Cf. Gentile et al (2016a) for corresponding animations.

The low-order reconstruction of the velocity field based on the first two modes
k=1, 2 is presented in Fig.5.15 for the stations x/D =0.375, x/D =0.75 and
x/D =1.125. The low-order reconstruction has been derived according to the
methodology illustrated in section 3.4 of the current dissertation. The snapshots refer
to the same time-instants previously considered in Figg.5.8 and 5.9. The
reconstructed velocity field gives evidence of the purely displacing effect of the anti-
symmetric mode m =1 acting on the inner backflow region at x/D = 0.375 and on
the whole separated region for x/D >0.75. At this location, the in-plane vectors
outline the interaction between the flow inside and outside the wake. It can be

91


http://scitation.aip.org/content/aip/journal/pof2/28/6/10.1063/1.4953150#c14

Low-frequency behavior of the turbulent axisymmetric near-wake

noticed that both the POD spatial eigenfunctions and the reconstructed velocity
fields feature the presence of in-plane vortical structures, which are identified as the
trace of streamwise vortices. Recent studies (Grandemange et al 2014) have linked
the latter with the thread vortices ensuing from the symmetry-breaking mode.
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Figure 5.16 Scatter plot of the POD time-coefficients c,(t) and c,(t). x =0.375D (a),
x=0.75D (b), x=1.125D (c) and x = 1.5 D (d). Red dots represent data acquired over
20,000 D/U.,.. Blue dots represent data acquired over 1,000 D/U.,.

The temporal information on the characteristic time-scales of modes k =1 and
k =2 is retrieved through analysis of the associated POD time-coefficients. Figure 5.16
shows the scatter plots of first and second POD time-coefficients obtained at the different
measurement planes. Both low and high-repetition rate measurements are shown in
order to highlight the influence of the time-scales of the unsteadiness on the wake
topology. A remarkable difference can be appreciated between the distributions obtained
over the long and the short observation-time, 20,000 D/U., (i.e. 50 s) and 1,000 D/U.,,
(i.e. 2.5 5) respectively. The visible anisotropy of the short-term distributions (blue)
reflects the dominance of the long-term meandering at x/D < 0.75, whereas the more
diffused symmetrical pattern observed in proximity of the rear-stagnation point documents the
shorter time-scales of the wake dynamics, which are also averaged-out in the
short-term statistics.

The power spectral density distributions of the first two POD time-coefficients
are presented in Fig. 5.17. Low and high-repetition rate measurements are combined,
thus covering approximately four decades of the frequency spectrum. The spectra
obtained at x/D = 0.375 are dominated by a large contribution in the frequency range
Stp = 0.0003 — 0.0005, which appears gradually decreasing when moving downstream.

This main very-low-frequency peak is representative of the backflow centroid
dynamics. Its time-scales are consistent with those previously inferred from
Fig. 5.11 and are in good agreement with the characteristic frequencies identified by
Rigas et al (2014) and Grandemange et al (2012b). A second less significant contribution
is displayed at St =0.001 and is found to be present at all measurement locations. A comparatively
smaller contribution associated with vortex shedding is present at Sty =0.2 and is found to become
more important while moving in the downstream direction, reflecting the shear layer growth.
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Figure 5.17 Power spectral density distributions of the POD time-coefficients c,(t) and
C,o(t). x=0.375D (a), x=0.75 D (b), x=1.125 D (c) and x = 1.5 D (d). Solid line indicates
data acquired at 100 Hz. Dashed line indicates data acquired at 2 kHz.
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The analysis is concluded with the discussion of the higher order modes with
k> 3. The spatial distributions in Fig. 5.18 indicate dynamical pairing of modes
k=3 and k=4 at x/D > 0.75. Their linear combination allows for a rotation of
the pattern in all azimuthal directions.
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Figure 5.18 POD modes k=3 and k=4.x=0.75D (a), x=1.125 D (b) and x = 1.5 (c). Color
coded out-of-plane component. In-plane vectors plotted every 5th grid point represent in-
plane components \/,lkdik,yluw and x/qubk,/uw. Base edge in solid white. Mean shear layer axis

in dashed white.
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Figure 519 ROM of the velocity field based on POD modes k=3 and k=4. x=0.75D (a),
x=1.125D (b) and x =1.5 D (c). Color coded out-of-plane component. Vectors plotted every

5th grid-point represent in-plane components Vgonm/U., and Wron/U,,.. Base edge in solid white.
Mean shear layer axis in dashed white. Cf. Gentile et al (2016a) for corresponding animations.
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Figure 5.20 Schematic interpretation of modes k =3 and k =4 at x> 0.75 D.

The two modes feature four regions of excess and defect of streamwise momentum.
These regions are distributed along the external wake perimeter in a quadrupolar
fashion. The in-plane vectors connecting the centers of the red and blue lobes define
four in-plane vortical structures with a central saddle point. This alternating inward
and outward in-plane pattern can be linked with a wake ovalization. The maxima are
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attained along the mixing layer and an increase in coherence can be observed departing
from the base, which suggests that modes k =3 and k =4 can be identified with a

higher order mode of fluctuation of the shear layer.

0.4

0.3

cc

0.4
0.3
0.2
0.1

cc

L aasaul

a)

J;J\iwa i i ,_

-

=

=

i \/\1’ b)
: IW‘ .

Figure 5.21 Power spectral density distributions of the POD time-coefficients cs(t) and
C4(t). x=0.75D (a), x =1.125 D (b), and x = 1.5 D (c). Solid line indicates data acquired
at 100 Hz. Dashed line indicates data acquired at 2 kHz.

A similar spatial organization has been identified by Rigas et al (2014) as a
mode of azimuthal wave-number m = 2. In the present investigation such a mode is
attributed to the wake interaction with the outer flow, which entails inrush of high
momentum fluid from two opposite sides of the wake and causes an outward motion
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of low-momentum fluid in the orthogonal direction with creation of a saddle region
in the center.

The low-order reconstructions of the velocity field based on third and fourth
modes, namely k = 3 and 4 are presented in Fig. 5.19 for x/D > 0.75. The reconstructed
velocity field renders a visibly elongated wake perimeter compared to the axisymmetric
time-averaged velocity field (cf. Fig. 5.6). The principal axes of the distorted wake
are coherent with the inrush and ejection regions, whose combination represents four
streamwise vortices. A schematic illustration of the effects of this second mode pair
on the wake is shown in Fig. 5.20. The power spectral density distributions of third
and fourth time-coefficients are shown in Fig. 5.21. Despite the larger data scatter
with respect to the spectra associated with the first mode pair, a maximum can still
be identified in the low-frequency regime at Stp ~ 10°°.

The distributions of the spatial eigenmodes k = 3, 4, and 5 identified at the most
upstream plane x/D = 0.375 are presented in Fig. 5.22. The color contours of mode
k = 4 define a quadrupole, which shows some analogy with the structure of the second
mode pair identified at x/D > 0.75. Unlike the latter case however, the peaks are observed
within the shear layer axis, thus suggesting the occurrence of an ovalization involving
the inner backflow region. Both modes k =3 and k =5 exhibit a central region of
excess (defect) of streamwise momentum and two outer and diametrically opposite
lobes of defect (excess) of streamwise momentum.

The central region can be linked to a streamwise pulsation of the inner backflow
region, so-called bubble pumping. This distribution can be identified with an axisymmetric
mode of azimuthal wave number m = 0, in analogy to what previously reported by
Rigas et al (2014). The outer lobes of the two modes however, exhibit a phase quadrature
relation, suggesting that the dynamics of this mode also features an additional contribution
of ovalization.

VAD /U, -0.06 -0.04 002 0 0.02 0.04 0.06

Figure 522 POD modes k=3, k=4 and k=5 at x=0.375D. Color coded out-of-plane
component. In-plane vectors plotted every 5th grid point represent in-plane components
\/Akdik,)/uw and Vqubk,z/uw. Base edge in solid white. Mean shear layer axis in dashed white.
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5.4 Conclusions

The turbulent near-wake flow behind an ogive-cylinder was spatio-temporally
characterized based on time-resolved stereoscopic PIV measurements conducted at
different azimuthal-radial planes downstream of the base. Analysis of the time-averaged
velocity field indicated reverse flow velocities up to 0.3 U,, at approximately 60% of
the rear-stagnation point location (i.e. x/D =1.2) and turbulent fluctuations with
peaks of approximately 0.18 - 0.19 U, in the reattachment region.

The instantaneous velocity fields in proximity of the base revealed a pronounced
radial offset of the reversed-flow region from the wake axis. The centroid of the
backflow region was found to undergo a precession motion about the model symmetry
axis characterized by time-scales in the order of 10° D/U... This precession appeared
to vanish when moving downstream towards the rear-stagnation point. Based on the
time-history of the backflow centroid position, the characteristic time-scales of this
motion were found to be in the order of 10° D/U,, or higher.

Proper orthogonal decomposition of the velocity fluctuations allowed for identifying
a dominant mode pair k =1, 2 active at all stations and with particularly high contribution
at x/D = 0.375. The associated spatial eigenmodes returned an anti-symmetric radial
displacement of azimuthal wave-number m =1 along a varying azimuthal direction.
While close to the base this radial displacement could be entirely ascribed to the
backflow azimuthal meandering, in proximity of the rear-stagnation point it appeared to
reflect a global wake displacement caused by the wake interaction with the outer
flow in the form of an inrush of high momentum flow from outside the separated region.
The frequency spectra of the POD time-coefficients displayed peaks in the very-low-frequency
range Stp =0.0003 - 0.0005, which reduced along the streamwise direction. A higher order
mode reflecting an axisymmetric pulsation of the reversed-flow region could be identified at
x/D = 0.375 and was linked with a mode of azimuthal wave-number m =0 (bubble pumping).
Smaller-scale shear layer fluctuations could be identified at x/D > 0.75 with a mode
of azimuthal wave-number m = 2 and were linked with a wake ovalization.

The present data show that the axisymmetric near-wake dynamics is dominated
by the very-low-frequency backflow fluctuations in proximity of the base, whereas
instead, closer to the rear-stagnation point it is dominated by the fluctuations associated
with the shear layer development.

98



The influence of flow symmetry on the long-term backflow unsteadiness

CHAPTER®G

THE INFLUENCE OF FLOW SYMMETRY ON THE
LONG-TERM BACKFLOW UNSTEADINESS

Abstract This chapter examines the effects of angular misalignments on the very-low-frequency
backflow meandering of the turbulent wake. Stereoscopic PIV measurements are
conducted in the near-wake of an ogive-cylinder in pitch for a Reynolds number
Rep = 67,000, based on the model diameter. The behavior of the backflow region is
examined in the azimuthal-radial plane of the wake for pitch angles between 0° and
1°. The long-time averaged data show a progressive displacement of the inner backflow
region from the model symmetry axis with increasing pitch angles and a contextual
reduction of its fluctuations about the mean position. This increasing backflow displacement
is accompanied by a transformation of the in-plane flow pattern reflecting the emergence
of a preferred wake orientation. The time-history of the backflow centroid coordinates
gives evidence of a progressive confinement of the backflow fluctuations about the
mean off-center position. Modeling the backflow centroid motion based on a stochastically
forced Landau equation endorses the hypothesis that misalignments above 0.1° inhibit
the erratic behavior of the backflow region and introduce a preferred azimuthal orientation
in the wake topology. Snapshot POD analysis of the velocity fluctuations over the
angular range considered shows a dramatic reduction in the coherence of the anti-
symmetric mode pair k = 1-2, typically linked with backflow meandering. For pitch
angles above 0.1° no evidence is given of the contribution of these modes at the
very-low-frequency of Stp ~ 107,

The current results show that the turbulent near-wake features a very-low-frequency
backflow unsteadiness only within small deviations from axisymmetric inflow conditions”

“This work has been published in Gentile et al (2017) Journal of Fluid Mechanics 813:R3.
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6.1 Introduction

6.1.1 Very-low-frequency wake behavior

For a variety of axisymmetric geometries such as spheres (Fabre et al 2008;
Thompson etal 2001), circular disks (Fabre et al 2008; Meliga et al 2009; Auguste et al 2010)
and slender blunt-based bodies (Bohorquez etal 2011; Bury and Jardin 2012), the global
wake instabilities developing for Rep > 10° follow comparable bifurcation scenarios.
This involves successive transitions of the wake topology from a steady
axisymmetric state with a toroidal vortex structure, through a steady asymmetric
state featuring streamwise oriented (so-called threaded) vortices, to an unsteady
periodic asymmetric state where hairpin vortices are alternatively shed off the body
at a non-dimensional frequency Stp~ 10'. In both the latter states the wake
topology is reflectionally symmetric with respect to a longitudinal plane, also
referred to as shedding plane, whose orientation is shown to be highly sensitive to
both boundary and initial conditions. In the fully turbulent regime, the shedding
plane is found to slowly reorient in an erratic fashion along with the inner reversed-
flow region, so that over a sufficiently long period of time all orientations are
explored with equal probability and the axisymmetry is restored in a long-term
statistical sense (cf. subsection 2.2.5). This wake behavior has been documented in
several experimental investigations (Rigesetal 2014; Grandemange et al 2014; Gentile et al 2016a)
and is identified with an anti-symmetric mode of azimuthal wavenumber m = 1 with
a very low characteristic frequency of Stp~107. Interestingly, a similar erratic
behavior has been observed occurring in the reversed-flow region of annular jets at
comparable long time-scales, viz. characteristic frequencies in the order of
Stp ~ 0.0025 (Vanierschot and Van den Bulck 2011).

As the statistical wake axisymmetry results from the long-time average of an
infinite number of equally probable wake orientations, its existence is strongly
connected to the axial symmetry of the inflow conditions, which seldom apply to
practical situations. For these reasons, the above very-low-frequency symmetry-restoring
mode has been linked with the high sensitivity of the turbulent wake mean topology
towards the presence of geometrical imperfections or angular offset with respect to
the incoming flow. In particular, Grandemange et al (2014) showed that the
circumferential probability of the orientation of the sphere wake could be modulated
by introducing small disturbances. Previous results of Del Taglia et al (2004) indicate
that the existence of a symmetry breaking mode is linked to asymmetries of the
recirculation region also for the case of thin annular jet flows.

The parametric studies performed by Klei (2012) and Wolf et al (2013) on a
slender blunt-based body documented a pronounced sensitivity of the time-averaged
wake flow towards the presence of sideslip angles, whereby angles as small as 0.3°
were shown to displace the stagnation point on the base by as much as 0.3 D.
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However, these studies made no connection to the wake dynamics. The
experimental investigations conducted by Grandemange et al (2012a) on a similar
blunt-based model documented a low-frequency switching of the reversed-flow
region between two asymmetric topologies and further showed that small angles
(not quantified) could suppress such a switch, thus inducing an asymmetric mean
topology. In the case of annular jet flows similar asymmetries have been attributed
to a high sensitivity of the symmetry breaking mode towards external perturbations.

The present work investigates the relation between the very-low-frequency
unsteadiness of the axisymmetric turbulent wake and its sensitivity towards angular
misalignments. For this purpose the wake dynamics of an elongated blunt-based
axisymmetric body is characterized under conditions of controlled pitch angle. It is
hypothesized that the erratic azimuthal meandering of the backflow region observed
in nominal, i.e. axisymmetric, inflow conditions tends to be progressively inhibited
by increasing misalignments. The investigation is based on time-resolved
stereoscopic PIV measurements performed in the near-wake of the model. The
angular range where the low-frequency behavior persists is assessed based on the
time-history of the backflow centroid coordinates (cf. chapter 5). The current
experimental results are further interpreted with the aid of the dynamical model
proposed by Rigas et al (2015). Lastly, snapshot POD is conducted on the velocity
fluctuations such to assess the effects of the pitch angle on the very-low-frequency
wake unsteadiness.

6.1.2 Dynamical model of the backflow centroid motion

The approach to characterize the very-low frequency backflow instability is
motivated by the work of Rigas et al (2015). More specifically, the motion of the
reverse flow region in the azimuthal plane (y, z), Fig. 6.1, is modeled as a Brownian
process and described by means of a stochastically forced non-linear differential
equation. This model, which is built upon observations conducted under
axisymmetric inflow conditions, is here extended to the case of off-nominal inflow
conditions (i.e. non-zero pitch angle). For this purpose an instantaneous
displacement of the backflow centroid relative to its mean position S = r— <re> IS
defined, such to accommodate the mean offset caused by the introduced pitch.
Assuming a rotational symmetry with respect to s =0, the backflow centroid
dynamics is modeled by a stochastically perturbed Landau equation

§=Ais — A|Isl|” + o&(®) (6.1)

The first two terms in (6.1) represent the deterministic part of the model, wherein
A1 accounts for the linear growth rate of the disturbance and A, > 0 is the coefficient
of the non-linear term responsible for the saturation of the displacement. The
stochastic part of the model is contained in the third term, which is the random

turbulent forcing &(t) with variance ¢° Introducing the relative displacement
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s=|s||, the equilibrium position s =0 is stable when 1; <0, while it becomes
unstable under a pitchfork bifurcation for A; >0 upon which a new stable
equilibrium is established at s =V/4,. With the stochastic forcing taken into
account, the probability density function for s is given by (cf. Rigas et al 2015)

4
= Cexp <a152 _ &t ) (6.2)

1
P(s) ==

N 2msds 2

wherein N is the total number of observations of the centroid position, C is a
normalization factor, a; = +/c® and a, = 1,/c°.
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Figure 6.1 Side and back view of the wind-tunnel model with coordinate system and
field of view (FOV).

The probability distribution in (6.2) as predicted by the stochastic model is
compared in the present study with the experimental observations in order to
examine the applicability of the model under asymmetric inflow conditions and to
assist the interpretation of the changes in the backflow erratic behavior due to the
variation in angle.

6.2 Experimental setup

The experiments were conducted at a diameter-based Reynolds number
Rep = 67,000 on a model geometry comprising a cylindrical forebody with ogival
nose with total aspect ratio L/D =5 (Fig. 6.1). A roughness patch located at the
nose-body junction ensured turbulent flow conditions at the trailing edge. The
boundary layer thickness 5mm upstream of this point was measured to be
dgs = 4.8 mm with a momentum thickness-based Reynolds number Res~ 900
(cf. chapter 4). A detailed description of the flow facility and wind tunnel model can
be found in section 3.1.

Stereoscopic PIV measurements were conducted in a plane located at x/D = 0.3
and oriented perpendicular to the freestream flow. The pitch angle between the
model symmetry axis and the freestream flow was varied during the experiments
between 0° and 1° using a dedicated support plate (cf. Fig.3.6 and 3.7). The
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recordings were performed over a total observation-time of 100 s, corresponding to
40,000 D/U,, in convective time units. An overview of the main PIV measurement
parameters is provided in Table 6.1.

Table 6.1 Main stereoscopic PV measurement settings
Freestream velocity U,, 20 m/s
Diameter-based Reynolds number Rep 67,000
Streamwise measurement plane x/D 0.3
Pitch angle « range 0°-1°
Laser sheet thickness t 1.5 mm
Laser pulse separation A¢ 20 ps
Cameras viewing angle g 70°
Objective f- number f, 5.6
FOV size 75 x 75 mm’
Image magnification M 0.2
Vector pitch 0.6 mm
Acquisition frequency facq 50 Hz
Data ensemble size N 5000
Measurement duration T 100 s

6.3 Results

6.3.1 Mean and instantaneous backflow behavior

The effects of increasing misalignments are herein examined based on time-averaged
and instantaneous velocity data.

x/D

Figure 6.2 Time-averaged streamlines in the plane y = 0. Pitch angle a =0° (a), 0.1°
(b) and 0.3° (c). Stagnation point on the base in red. Model edge in gray.
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Additional measurements conducted in the longitudinal plane y =0 (Fig. 6.2)
show that the pitch angle modifies the mean inner organization of the near-wake by
inducing a vertical shift of the stagnation point on the base. In the azimuthal-radial
plane this shift is reflected in a displacement of the reversed-flow region away from
the geometric center of the wake and by a progressive change of the in-plane flow
pattern (Fig. 6.3).

UJ’U‘ -0.2 -0.16 -0.12 -0.08 -0.04 0

Figure 6.3 Time-averaged velocity field in the plane (y, z). Pitch angle a = 0° (a), 0.1°
(b), 0.3° (c), 0.5° (d). Color coded out-of-plane component. Vectors plotted every 5th
grid point represent in-plane velocity components. Mean backflow centroid in white.
Base edge in gray.
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Figure 6.4 Mean vertical position and root mean square (RMS) of the relative displacement of
the backflow centroid as a function of the pitch angle.

The in-plane vectors indicate a transformation of the wake topology from a
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source-like pattern observed for axisymmetric inflow conditions to two in-plane
counter-rotating recirculation patterns. The latter topology may be linked to the
emergence of a preferred wake orientation (Grandemange et al 2014).

The mean backflow centroid shows a significant sensitivity towards the angular
offset for angles up to 0.2°, being displaced from the model axis at a rate of approximately
0.5 D per degree (see Fig. 6.4), while a marked lower rate of increase is observed at
larger pitch angles. Furthermore, the decreasing variance of the relative backflow
displacement \<[s/D]% suggests a weakening of the erratic backflow behavior on
increasing the angle.
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Figure 6.5 Scatter plots of the backflow centroid in-plane position. Pitch angle
a =0°(a), 0.1° (b), 0.2° (c), 0.3° (d), 0.5° () and 1° (f).

The time-history of the backflow centroid position is examined in order to
retrieve information on the dynamical behavior of the reversed-flow region. With
increasing pitch angles the trace of the backflow centroid motion (Fig. 6.5) evolves
from the donut-like distribution, typically associated with the azimuthal meandering
behavior, to a comparatively narrower and elongated cloud. This trend reflects the
progressive confinement of the backflow motion close to the average off-center
position.

The probability density distributions reported in Fig. 6.6 further reflect this
transition. In particular, for angles within 0.1° the maximum probability of the
relative displacement (Fig. 6.6a) occurs for values of s between 0.13 D and 0.07 D,
thus reflecting the instability of the centroid position. For angles of 0.2° and higher
instead, the probability decreases monotonically from the origin, as the position of
the backflow centroid tends to settle close to the mean off-center position. Similarly,
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the distributions obtained for the azimuthal coordinate (Fig. 6.6b) gradually narrow
about 3 772, which value emerges as the preferred orientation of the instantaneous
wake topology.
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Figure 6.6 Probability distributions of the backflow relative displacement (a) and az-
imuthal position (b). Solid lines in (a) indicate the curve fits based on (6.2).

The solid lines in Fig. 6.6a show the curve fit of the stochastic model presented
in (6.2) to the experimental data. A good agreement is found which indicates that the
model can also be used to describe the situation under asymmetric inflow
conditions. The coefficient a; associated with the stability of the equilibrium
position is found to decrease with increasing angles (Fig. 6.7). The sign reversal
occurring between 0.1° and 0.2° is a clear indication that the backflow settles in a
stable condition, which corresponds to the azimuthal orientation imposed with the
applied angle.
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Figure 6.7 Model coefficient a, determined from the curve fit to the experimental
probability distribution of s.

The foregoing analysis based on the application of the dynamical model of
subsection 6.1.1, describes the suppression of the large-scale meandering as an
inverse pitchfork bifurcation. Closer inspection of the scatter plots in Fig. 6.5 reveals
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that the pitch angle introduces an asymmetry with respect to the z-direction. This
fact indicates an imperfect character of the bifurcation (Strogatz 2000), which
cannot be represented by the original rotationally-symmetric  model.
Accommodating this feature in a generalization of the two-dimensional Landau
model by removing the assumption of rotational symmetry is, however, quite
elaborate and outside the scope of the present discussion.

Instead of using a full 2D model, it is herein considered that the asymmetrical
character of the bifurcation could be conveniently represented by studying its
behavior in the proximity of the z-axis, thus assuming that y is small. With this
approach an asymmetric Laundau system for the vertical position of the reversed
flow centroid is obtained with only two additional terms with respect to the original
symmetrical system as follows

dz

— (6.3)

=AO+/112+1222 _1323 +O-S(t)

The corresponding probability density function, following a similar derivation as
for (6.2), is given by

1dN
P(z) = N C exp(coz + c12% + 23 — c3z%) (6.4)
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Figure 6.8 Probability distributions of the backflow in-plane vertical position (a). Bifurcation
diagram depicting stable and unstable equilibrium positions and mean vertical centroid positions
of the full 2D data set as a function of the pitch angle (b). Solid lines in (a) represent the curve
fits based on (6.4).

Extracting the probability density distribution from the observed data provides
information on the stable and unstable equilibrium points of the system
(corresponding to the minima and maxima of the probability density function
respectively), which can subsequently be depicted in a bifurcation diagram (zeg
versus a), see Fig. 6.8b. The probability distribution is approximately symmetrical
for a = 0° with an unstable equilibrium occurring at z = 0, and two stable equilibria

107



The influence of flow symmetry on the long-term backflow unsteadiness

symmetrically located at z=+ 0.1 D.
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Figure 6.9 Time-history of the backflow centroid position for increasing pitch
angle. Azimuthal position (a). Relative displacement (b). Total observation time is
2,000 D/U,,.
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For o = 0.1° a maximum can still be observed in the probability density function
for negative z, whereas the maximum on the positive z side and the minimum have
collapsed leaving an inflexion point, which could be interpreted as a semi-stable
equilibrium, at approximately z = 0. For larger pitch angles a clear single maximum
occurs corresponding to a stable equilibium, which is progressively displaced to
larger z-values as the pitch angle increases.

Thus, the analysis is consistent with an imperfect bifurcation setting in at
a=0.1° and as such, is in agreement with the conclusions from the rotationally-
symmetric model. The average centroid position of the full 2D data set, comparable
to the data in Fig. 6.4, has been included for comparison (dashed line). The latter
shows that for small angles, viz. a < 0.1°, the mean position corresponds closely to
the central unstable equilibrium, while for increasing pitch angles it gradually
converges towards the equilibrium position of the 1D model.
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Figure 6.10 Mean-square displacement of the backflow centroid as a function
of the time-interval .

The time history of the azimuthal coordinate and relative displacement presented
in Fig. 6.9 further endorses this conclusion and shows the progressive weakening of
the large-scale meandering fluctuations for increasing angle and the concurrent
confinement of the centroid motion near the off-center mean position.

Especially the fluctuations of the azimuthal position give evidence of a transition
from a quasi-periodic meandering characterized by time-scales in the order of
10°D/U, and identifiable with an erratic precession about the model axis
(Rigas et al 2014; Grandemange et al 2014), to lower-amplitude higher-frequency
fluctuations about a preferred orientation correspoding to 8 = 3z/2.Further insight in
the time-scales involved in the backflow dynamics can be extracted from the mean-square
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centroid displacement, defined as ¢||As(z)||>>=¢||s(t+7)—s(1)||> (cf. Rigas et al 2015).

The mean-square displacement (MSD) (Fig. 6.10) features a linear increase with
the time interval z, which reflects the diffusive dynamics of the backflow centroid
position, while it saturates attaining a plateau, at larger time-scales, where the centroid
position becomes uncorrelated with time. As the angle is increased, the MSD increase
tends to be less steep and features an earlier saturation, thus reflecting the confinement
of the backflow motion. This trend is seen to be associated with a reduction in the
characteristic time-scales t..

6.3.2 Proper Orthogonal Decomposition

Snapshot POD (Sirovich 1987) is applied to the velocity fluctuations to further
examine the effects of the misalignment on the large-scale dynamics dominating the
near-wake. The reader is referred to section 3.4 for details on the mathematical
procedure.
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Figure 6.11 Energy contribution of the first 10 POD modes.

The relative energy contributions of the first 10 POD modes and the spatial
distributions of modes k=1 and k=2 are shown in Fig.6.11 and Fig.6.12
respectively. As discussed in chapter 5, in axisymmetric conditions (a = 0°) the two
modes exhibit similar anti-symmetric dipolar arrangements and comparable energy
contributions (approximately 15% and 14% respectively), suggesting that they can
be identified as a pair corresponding to an azimuthal mode m = 1. The latter can be
linked with the backflow meandering, for which the centroid covers the whole
azimuth (cf. chapter 5).

A similar scenario is observed under small pitch angles (a < 0.1°), albeit with
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increasing differences in terms of energy and spatial distribution. The contribution
of modes k=1 and k = 2 starts decreasing substantially for angles of 0.3° and
higher. This progressive loss in coherence features an increasing eccentricity in the
spatial distribution and reflects the emergence of a preferred wake orientation, as
previously inferred from the history of the backflow centroid position.
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Figure 6.12 POD modes k=1 (a) and k=2 (b) for different pitch angles. Color coded
out-of-plane component. In-plane vectors plotted every 5th grid point represent in-plane
components Vi, /U., and VA JU... Base edge in gray.

A similar scenario is observed under small pitch angles (a < 0.1°), albeit with in-
creasing differences in terms of energy and spatial distribution. The contribution of
modes k=1 and k =2 starts decreasing substantially for angles of 0.3° and higher.
This progressive loss in coherence features an increasing eccentricity in the spatial
distribution and reflects the emergence of a preferred wake orientation, as previously
inferred from the history of the backflow centroid position.

The transition from long-term azimuthal meandering to small-amplitude oscillations
about a mean position is further visualized in the frequency spectra of the time
coefficients of the first two POD modes (Fig. 6.13). Within 0.1° deviations from
axisymmetric conditions a significant contribution is observed at very-low frequencies
around Stp ~ 10, to a similar extent for both POD modes. At larger angles the spectra
are dominated by broader band fluctuations of significantly smaller intensity in the
frequency range corresponding to Sty =0.005 — 0.01, and are only associated with
mode k = 1.
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Figure 6.13 Frequency spectra of POD time-coefficients c,(t) and c,(t). Pitch
angle a =0° (a), 0.1° (b), 0.2° (c), 0.3° (d), 0.5° (¢) and 1° (f).

6.4 Conclusions

The very-low-frequency unsteadiness of the near-wake of a blunt-based
axisymmetric body in pitch was characterized based on time-resolved
stereoscopic PIV measurements. The angular misalignment was found to
displace the inner reversed-flow region away from the model symmetry axis and
to impose a preferred azimuthal orientation of the near-wake topology. The time
history of the centroid position outlined the transition from an erratic azimuthal
meandering of the backflow region to smaller-amplitude fluctuations about the
mean off-center position.

Modeling the backflow centroid motion based on a stochastically perturbed
Landau equation showed that pitch angles above 0.1° inhibit the erratic character
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of the backflow region, which tends to settle in the off-center position imposed
by the applied pitch angle. The analysis of the mean-square backflow displacement
indicated an earlier saturation of the backflow fluctuations and a progressive
inhibition of the diffusive dynamics of the reversed-flow region for increasing
angles. The frequency spectra of the time-coefficients of the first two POD
modes showed the vanishing of the very-low-frequencycontribution typically
identified with the backflow azimuthal meandering for angles for 0.2° or higher.

These results provide clear evidence that the reversed-flow region in the
turbulent wake exhibits an erratic behavior only within small deviations from
axisymmetric inflow conditions.
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CHAPTERYY

AZIMUTHAL ORGANIZATION AND UNSTEADINESS
OF AN AFTERBODY FLOW

Abstract This chapter investigates the azimuthal-radial topology and large-scale unsteadiness
of a turbulent incompressible afterbody flow for a diameter-based Reynolds number
Rep = 67,000. The behavior of the near-wake is examined at different streamwise
stations downstream of the trailing edge for diameter ratios of d/D =0.2 and 0.4.
The long time-averaged velocity field shows that the central protrusion does not alter
the mean near-wake topology significantly. However, the statistical fluctuations in
the radial direction reduce by nearly 80% when increasing the afterbody diameter
ratio up to 0.4 starting from the blunt-based case. The time-history of the backflow
centroid position gives no evidence of an azimuthal meandering motion for diameter
ratios of d/D = 0.2 and 0.4. The large-scale fluctuations identified by snapshot POD
are found to progressively reduce with increasing protrusion diameters, reflecting a
decreasing large-scale organization of the near-wake flow. Inspection of the spatial
eigenmodes highlights the occurrence of a large-scale radial displacement of the
wake for diameter ratios of d/D =0 and 0.2 occurring equally along all azimuths.
For larger afterbody cross-sections the large-scale fluctuations are found to occur
along a preferred azimuth.

The present results show that the coherence of the backflow azimuthal fluctuations
is disrupted in presence of an afterbody with d/D = 0.2 and 0.4. Thus, for these configurations
the wake dynamics is dominated by the fluctuations associated with the shear layer
development”

“This work has been presented at the 5th International Conference on Jet, Wakes and Separated
Flows in Stockholm, Sweden, in June 2015.
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7.1 Introduction

The low-frequency unsteadiness in the near-wake of a bluff body of revolution is
significantly affected by the base geometry (cf. chapter 2). Among others, the experiments
conducted by Wolf et al (2012) showed that for a truncated-base rocket configuration
the turbulence intensity reduces by approximately 25% when adding a rear cylindrical
protrusion (i.e. afterbody). The studies of Dépres et al (2004) revealed that the elongation
of the afterbody with respect to the base diameter, viz. L/D, plays a major role in the
flow reattachment process, thereby affecting both the flow topology and the unsteady
behavior of the wake. The influence of the afterbody diameter on the scaling of the
reattachment distance and on the flow organization, as well as on the radial velocity
fluctuations has been recently discussed in Gentile et al (2016b), (cf. chapter 4).
Through spectral analysis of the POD time-coefficients in a longitudinal plane containing
the mean wake axis, the authors found evidence of the very-low-frequency contribution
associated with backflow meandering with decreasing intensity for increasing afterbody
to main body diameter ratios d/D <0.4. Yet, the orientation of the measurement
plane did not provide any information on the azimuthal organization of the flow.

The current investigation builds up the discussion carried out in chapter 4 and
aims at characterizing the spatial organization of the turbulent axisymmetric near-wake
of an afterbody configuration. For this purpose stereoscopic PIV measurements are
conducted in the azimuthal-radial plane of the wake at different streamwise stations
downstream of the trailing edge and for varying afterbody diameters. Mean and instantaneous
near-wake behaviors are examined for the different cases in comparison with the data
gathered for the truncated-base configuration. Furthermore the influence of the afterbody
diameter on the near-wake large-scale organization is examined performing a snapshot
POD analysis of the velocity fluctuations (Sirovich 1987).

7.2 Experimental setup

The measurements were performed on an ogive-cylinder geometry with total aspect
ratio L/D =5 and equipped with a cylindrical afterbody of smaller diameter d (Fig. 7.2).
In the present experiments two different configurations were examined, corresponding to an
afterbody to main body diameter ratio d/D = 0.2 and 0.4 respectively. The reader is
referred to section 3.2 for details on the flow facility and wind tunnel model.
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2D

Tripping wire ) iy

Figure 7.1 Model schematic side and end view with coordinate system and field of

view (FOV).

Stereoscopic PIV measurements were performed in azimuthal-radial planes located
at x/D = {0.375; 0.75} downstream of the main body trailing edge, which stations
correspond to about 30% and 60% of the reattachment distance respectively, for
d/D= 0.2 and to about 40% and 75% of the reattachment distance respectively for
d/D = 0.4 (cf. chapter 4). An overview of the main PIV measurement parameters is

provided in Table 7.1.

Table 7.1 Main stereoscopic PIV measurement settings

Freestream velocity U,,
Diameter-based Reynolds number Rep
Afterbody to main body diameter ratio d/D
Streamwise measurement planes x/D
Laser sheet thickness t

Laser pulse separation A¢

Cameras viewing angle f

Obijective f- number fy

FOV size

Image magnification M

Vector pitch

Acquisition frequency facq

Data ensemble size N

Measurement duration T

20 m/s
67,000
0.2,0.4
0.375,0.75
3 mm

25 us

35°

2.8

75 x 75 mm?
0.16

1.0 mm
100 Hz
500

50s
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7.3 Results

7.3.1 Flow field statistics

The time-averaged velocity field obtained at the streamwise station x/D = 0.75
for increasing afterbody diameters is shown in Fig. 7.2. The data obtained for the
corresponding truncated-base configuration (cf. chapter 5) are included for comparison.

u/u, -02 0 0.204060.8 1

v/D

Figure 7.2 Time-averaged velocity field at x=0.75 D. Diameter ratio d/D =0 (a), 0.2
(b) and 0.4 (c). Color coded out-of-plane velocity. Backflow region indicated by contour
line. Model base trace in white. Afterbody in gray.

The contours of the out-of-plane velocity define the toroidal wake organization
typical of axisymmetric near-wake flows, characterized by a circular shear layer
bounding an inner region of reversed flow with velocities up to 0.3 U,.. The comparison
between the three cases reveals no significant distortions of the mean topology due
to the presence of the afterbody.

The distributions obtained in the longitudinal plane (x, z) on the other hand, document
a substantial reduction of the normal stresses along the vertical direction with increasing
protrusion diameters (Fig. 7.3). This fact reflects a marked sensitivity of the near-wake
flow towards variations in the base geometry (cf. chapter 4). In particular, the intensity
of the radial fluctuations is found to decrease from a maximum of 0.18 U, attained
in absence of afterbody, to 0.12 U,, and 0.10 U,,, for d/D = 0.2 and d/D = 0.4 respectively.
This observation is consistent with the experimental results by Wolf et al (2012), indicating
a stabilization of the near-wake unsteadiness due to the presence of the protrusion.
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<w>"/U_ 0.02 0.06 0.1 0.14 0.18

Figure 7.3 Radial fluctuations at y = 0. Diameter ratio d/D =0 (a), 0.2 (b) and 0.4 (c).
Color coded RMS of the vertical velocity fluctuations. Reattachment streamline in
black. Reattachment point in white. Backflow region indicated by a white contour line.
Model in gray.

7.3.2 Backflow unsteadiness

Following the same approach illustrated in previous investigations (Grandemange et al 2012b;
Gentile etal 2016a), the time-evolution of the backflow centroid position is examined
to evaluate the effects of the rear-protrusion and of its diameter onto the backflow

dynamics.
B | (T

uu, -020 02040608 1

0.5 -0.5 0 0.5 -05

i ?D 0.5
a) b) c) !

Figure 7.4 Trace of the backflow motion at x = 0.375 D. Diameter ratio d/D =0 (a), 0.2 (b) and
0.4 (c). Color coded mean out-of-plane velocity over 20,000 D/U,,.. Backflow centroid in yellow.
Backflow region indicated by contour line. Model base trace in black. Afterbody in gray.

0.5

y/D

The latter are collected over a portion of the available observation-time and super-imposed
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onto the contours of the mean velocity field (Fig. 7.4). The analysis is restricted to
the streamwise station x/D = 0.375, where the backflow azimuthal instability is expected to be
dominant (cf. chapter 5). For diameter ratios of d/D = 0.2 the trace of the backflow
motion displays no pattern identifiable with a coherent azimuthal meandering motion
(Rigas et al 2014; Grandemange et al 2014). In fact, it appears rather random compared with
the reference truncated-base case, reflecting the loss in coherence of the backflow fluctuations
due to the addition of the afterbody. For further increases in the diameter ratio, i.e. to d/D = 0.4,
the trace of the backflow motion appears nearly aligned with the z axis.

7.3.3 Proper Orthogonal Decomposition

A snapshot POD analysis of the velocity fluctuations is conducted to assess the
effects of the rear-protrusion on the large-scale wake unsteadiness. The POD energy
spectra shown in Fig. 7.5 feature a relatively large contribution of the first couple of
modes to the turbulent kinetic energy, thus reflecting the occurrence of large-scale
fluctuations.

-+Gentile et al (2016a) - x=0.375D
“Gentile et al (2016a)-x=0.75D
+d/D=02-x=0375D
d/D=02-x=0.75D
+d/D=04-x=0375D

|\ <dD=04-x=075D

“IIIIIIII
1 2 3 4 5 6 7 8 9 10

Mode number

Figure 7.5 POD spectra for the first 10 modes.

Modes k =1 and k = 2 capture up to 20% and 11% of the turbulent kinetic energy
of the flow for d/D = 0.2 and d/D = 0.4 respectively, with minor variations in the
streamwise direction. In particular, for d/D = 0.2 the contribution of the first two
modes intensifies while moving away from the base in the streamwise direction,
whereas the opposite is observed for d/D = 0.

This different behavior is ascribed to the suppression of the backflow fluctuations
for d/D =0 and 0.2, which prevail in proximity of the base (cf. chapter 5), with consequent
dominance of the shear layer fluctuations. This trend would suggest that the protrusion
primarily affects the backflow unsteadiness. The first two spatial eigenmodes
(Fig. 7.6) feature a typical dipolar distribution, which is identified with the anti-
symmetric mode m =1 for d/D < 0.2 and linked with an anti-symmetric radial displacement
of the wake occurring equally in all azimuthal directions. For d/D = 0.4 this dipolar
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organization features mode k = 1 only, indicating the occurrence of large-scale fluctuations
along a preferred azimuthal direction. Mode k = 2 instead, features a quadrupole
structure, which can be linked with a wake ovalization (Schrijer etal 2014; Gentile et al 2016a).
This missing dynamical pairing between the two modes appears consistent with the
increasing energy gap indicated by the energy spectra for this configuration (cf.
Fig. 7.5) and further reflects the decreasing large-scale organization of the wake for
increasing afterbody cross-sections.

\/M)JUI_ -0.12 -0.08 -0.04 0 0.04 0.08 0.12

d/D=0.2 d/D=0.4

0.5 0 0.5 -0.5 0 05 -05 0
y/D y/D y/D

Figure 7.6 POD modes k=1 (a) and k=2 (b) at x=0.75 D for increasing d/D. Color
coded out-of-plane component. Vector arrows plotted every 4th grid point for d/D =0
and every 3th grid point for d/D =0.2 and d/D = 0.4 represent in-plane components
Vi, JU,, and NP, /U... Model base trace in white. Afterbody in gray.

7.4 Conclusions

The azimuthal organization of the turbulent near-wake past an ogive-cylinder
with afterbody was investigated at a diameter-based Reynolds number Re = 67,000.
Time-resolved stereoscopic PV measurements were performed at different cross-flow
planes downstream of the trailing edge for varying diameter ratios.

Compared to the truncated-base geometry, the time-averaged velocity field
showed no substantial alterations of the azimuthal-radial organization of the wake
due to the rear-protrusion, whereas the statistical fluctuations of the radial velocity

121



Azimuthal organization and unsteadiness of an afterbody flow

reduced by up to 44% when increasing the diameter ratio up to d/D =0.4. The
time-history of the backflow centroid position shows that the protrusion entirely
disrupts the coherence of the azimuthal backflow meandering for diameter ratios of
d/D =0.2 and 0.4. For increasing diameter ratios snapshot POD analysis of the
velocity fluctuations outlined a reduction between 55% and 72% in the contributions
of modes k=1 and k =2, depending on the streamwise station. The associated
spatial eigenmodes showed the occurrence of the anti-symmetric mode m=1
reflecting wake radial displacement in all directions for diameter ratios d/D =0 and
0.2. For d/D = 0.4 instead, the dominant fluctuations could be linked with a uni-directional
wake displacement.

The present data indicate that even for relatively small afterbody diameter ratios,
viz. d/D =0.2, the afterbody strongly intereferes with the backflow azimuthal
fluctuations, thus significantly reducing the near-wake large-scale organization.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

This thesis surveyed the behavior of turbulent axisymmetric base flows. A main
aspect examined in the present work dealt with the flow axial symmetry. More
specifically, the role of the axial symmetry of the base and of the inflow conditions
was discussed with respect to the development of the long-term unsteadiness typical
of such flows. Both the azimuthal and longitudinal flow topology ensuing from this
long-term unsteadiness were examined in the discussion. Particular attention was put
on the sensitivity of the mean near-wake flow towards angular misalignments.
Furthermore, it was of interest to determine to what extent the low-frequency
unsteadiness of the near-wake is affected by the base geometry.

Chapter 5 showed that the near-wake long-term unsteadiness comprises two
distinct and complementary contributions, associated with the growth of the shear
layer and with the erratic behavior of the inner backflow region, respectively. It was
found that these two unsteady mechanisms vary along the streamwise direction in
opposite ways. The results shown in chapter 6 suggest that the backflow very-low-frequency
unsteadiness is intrinsically related to the axial symmetry of the flow. In particular,
the inflow conditions appeared to have a major influence on the sensitivity of the
near-wake topology towards small misalignment angles between the body and the
incoming flow. An essential role of the axial symmetry could be inferred also with
respect to the geometry of the base, which displayed a strong impact on the flow
reattachment process (cf. chapter 4) and particularly, on its scaling. Lastly, from
chapter 4 and 7 it emerged that the base geometry can significantly interfere with the
near-wake low-frequency behavior.

These conclusions are elaborated in more details in the following paragraphs.

8.1 Influence of the base geometry on the separated flow behavior

A major topic of discussion in the present research dealt with the role played by
the base geometry in the near-wake development. This point is regarded as most
relevant particularly for its implications on industrial flow configurations, notably
the case of space launcher vehicles. A parametric study was conducted in chapter 4
on afterbody flows with different diameter ratios modeling axisymmetric BFS flows
of varying step height. The primary objective was to assess the discrepancies
between afterbody and BFS flows, which could be attributed to three-dimensionality
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effects. Secondarily, it was of interest to examine how the afterbody to main body
diameter ratio affects the large-scale wake fluctuations.

From the discussion it emerges that the reattachment process is especially
sensitive to the base geometry, even with only marginal effects on the mean flow
topology. The geometry of the base, viz. axisymmetric versus planar, appears to be
especially crucial. In particular, it is shown that for the same step height planar and
axisymmetric BFS flows feature opposite reattachment behaviors, the discrepancies
becoming particularly pronounced with increasing non-dimensional step heights
h/D, while vanishing with decreasing h/D. Thus, the present data suggest to restrict
the customary analogy between planar BFS and afterbody flows (see e.g.
Scharnowski and Kahler 2015) to a narrower range of configurations.

A further remarkable effect could be observed on the radial fluctuations
associated with the shear layer flapping. Particularly when main body and afterbody
diameter are comparable, the central protrusion is shown to inhibit the flapping
motion substantially. While previous studies (cf. Dépres et al 2004) essentially
linked the base flow unsteadiness with the occurrence of a solid shear layer
reattachment, the present results indicate that even in presence of a solid
reattachment the afterbody geometry could determine dramatic differences in the
wake fluctuating field.

8.2 Streamwise development of the large-scale wake unsteadiness

The low-frequency usteadiness of the turbulent wake behind an ogive-cylinder
was investigated in chapter 5. The study tackled with particular attention the
streamwise evolution of the unsteadiness, which was identified as an open point of
discussion at the beginning of this dissertation.

In agreement with previous studies (cf. Rigas et al 2014) the present results
indicate the coexistence of two distinct contributions of the dominant anti-symmetric
mode m =1, which could be identified respectively with the flapping motion of the
shear layer and with the azimuthal meandering of the inner backflow region. The
time-resolved velocity data obtained throughout the near-wake region additionally
highlighted a variation in the relative importance of these two unsteady mechanisms.
In particular, the very-low-frequency fluctuations of the backflow region were
shown intensifying in the stagnation region in proximity of the base, whereas the
low-frequency flapping motion of the shear layer was observed to become dominant
closer to the rear-stagnation point. Such a variation reflects the growth of the
vortical structures in the shear layer and the concurrent vanishing of the inner
reversed-flow. With respect to the dynamical behavior of the near-wake, this result
indicates that the anti-symmetric fluctuations identified as the dominant mode mode
m = 1 tend to involve the whole wake only within the reattachment region, whereas
they tend to be confined to the inner reversed-flow moving closer to the base.
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The above finding further hints that the wake topology sensitivity towards
angular misalignments tends to be especially critical in proximity of the base.

With respect to the former investigations of Rigasetal (2014) and
Grandemange et al (2014), the current results add information on the streamwise
evolution of the low-frequency near-wake unsteadiness, which was one of the goals
of the present work. Yet, they are retrieved from data acquired at different
streamwise stations at uncorrelated time-instants. As a consequence, they do not
allow for conclusions on the link between the backflow meandering and the long-term
vortex shedding reorientation, which was argued in the previous investigations.

Time-resolved three-dimensional measurements of the near-wake flow could
shed light on this point in that they would allow for capturing the simulataneous
evolution of the near-wake flow in both the streamwise direction and in the
azimuthal-radial plane. This kind of information could be obtained through a
large-scale high speed tomographic PIV measurement. The use of large-scale flow
tracers, e.g. Helium Filled Soap Bubbles (cf. Caridi et al 2016), along with the latest
tomographic PIV processing tools, i.e. those based on the Shake the Box algorithm
(Schanz et al 2016), appears as a promising option to realize such a measurement.
This time-resolved large-scale tomographic measurement is herein considered as a
most sensible direction for the future research efforts on the subject of turbulent
near-wake flows.

8.3 Relation between flow symmetry and very-low-frequency
wake unsteadiness

Chapter 6 focused on the relation bewteen the very-low-frequency turbulent
wake unsteadiness and the axial symmetry of the inflow conditions. The inner
backflow dynamics in the turbulent wake of an ogive-cylinder was examined in
presence of small pitch angles, i.e. within 1°. Aim of this parametric study was to
define an angular domain of existence for the backflow unsteadiness, which
condition appears linked to the axial symmetry of the flow.

The current data show that the axisymmetric turbulent wake features a coherent
very-low-frequency meandering of the backflow region only within small deviations
from axisymmetric conditions. In particular, angular misalignments between the
body and the incoming flow above 0.1° are shown to promote a preferred wake
orientation, thus stabilizing the position of the inner reversed-flow. The mean near-wake
topology is found to be especially sensitive to the flow orientation within 0.1°
deviations from axisymmetric inflow conditions, whereas it exhibits a comparatively
weaker sensitivity in presence of larger angles between the body and the freestream
flow.

Following from the analysis of the backflow dynamics, the present findings
serve a more exhaustive characterization of the turbulent wake sensitivity towards
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misalignments. In these regards, they can be considered incremental with respect to
previous parametric studies (e.g. Wolf et al 2013 among others), whereby the
turbulent wake sensitivity was mainly assessed through characterization of the near-wake
statistics.

From a practical perspective, they further show that the occurrence of a long-term
meandering of the backflow region is irrelevant to most turbulent wake applications,
as those involve non-zero angles, see e.g. the case of projectiles and ascending space
launchers.

8.4 Influence of the base geometry on the azimuthal wake organi-
zation and large-scale unsteadiness

Chapter 7 addressed the influence of the base geometry on the azimuthal-radial
turbulent organization and large-scale unsteadiness of a turbulent afterbody flow.

It is shown that even for relatively small diameters the presence of an afterbody
prevents the occurrence of a coherent backflow meandering, while being still
dominated by the shear layer flapping. For larger diameters the afterbody is found to
introduce a preferred orientation for the fluctuations.

Provided a certain caution associated with the stereoscopic measurement
uncertainty, the present data suggest that the very-low-frequency backflow
fluctuations do not contribute to the unsteadiness of an afterbody flow.
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