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Abstract

The role of the initial conditions in affecting the near field and the evolution of an ax-
isymmetric turbulent jet towards the far field is examined. The jet’s near-field coherent
structures are manipulated with the aid of noncircular geometries of identical open area
D? ) including a square and fractal exit, for comparison with a classical round orifice. The
flow is studied between 0 and 26D, with the aid of planar particle image velocimetry
(PIV), hot-wire anemometry and tomographic PIV. This study shows that the fractal
orifice significantly changes the near-field properties of the jet, breaking-up the coherent
structures and affects the entrainment of background (quiescent) fluid into the turbulent
stream. Despite the different state of coherence, it is found that many of the jet’s turbu-
lent characteristics scale with the number of eddy turnover times rather than simply the

streamwise coordinates.

Investigating the jet’s evolution towards the self-similar state, the presence of non-equilibrium
dissipation was found for all jets studied, concurrent to self-similar scalings for mean ve-

locity and Reynolds stresses.

The thesis is concluded by analysing the turbulent/non-turbulent interface (TNTI) and
the fine scales of round and fractal jets at various streamwise locations. In the near
field, the exit geometry appears to primarily impact on the inner interface, separating the
laminar core from the turbulent stream, rather than the outer interface between the jet
and the background fluid. Moreover, analysing the fine scales of the flow, the presence
of two interfaces in the near field constrains the development of the turbulent properties
and the jets appear as if only “local” strain was present. Finally, the evolution of the jet
properties and of the small scales of the flow from the TNTI towards the turbulent bulk
is examined, which suggests that the TNTI has a thickness of one longitudinal Taylor
lenghtscale Ay.
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5.35 Jpdfof —Q, and Q,,, at a isocontour of 10~ for the round jet (a comparable
behaviour is found for the fractal jet as well). (TPIV data and Res = 10, 000).164
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Chapter 1

Introduction

1.1 Motivation

Axisymmetric jets have attracted numerous studies in the past due to their common use as
mixing and thrust producing devices (Ho and Gutmark, 1987). An axisymmetric round
jet issuing directly from a contraction produces a flat-topped (top-hat) velocity profile
in the near field and develops towards a turbulent state in the far field (whether self-
similar or not) by entraining and mixing background (quiescent) fluid into the turbulent
stream, whilst the latter evolves losing “memory” of the initial conditions that generated
it. Entrainment describes a process through which there is an exchange of momentum,
energy, vorticity, mass and other properties between the surrounding fluid and the tur-
bulent stream across a sharp interface (the so-called turbulent/non-turbulent interface).
This process can take place in two ways, through engulfment (ingestion of irrotational
fluid into the turbulent stream) and nibbling (small scale diffusion across the interface).
The first one is a large-scale process (Yule, 1978) and hence it is influenced by the state

of the coherent structures, whilst the latter is a small-scale phenomenon.

In this thesis, the aim is to gather a deeper understanding on the large scale structures, on
how they influence entrainment and on how they affect the evolution of an axisymmetric

jet towards the far field. This is done by comparing a “classic” round jet with other
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noncircular exit geometries. In particular, a fractal geometry was chosen. In fact, fractal
geometries have been proven before to lead to a break-up of the coherent structures for
a variety of flows, including jets (Cafiero et al., 2015), wakes (Nedi¢ et al., 2013a) and
grid-generated flows (Melina et al., 2016). Therefore, comparing the effect of round and
fractal geometry on the flow physics, it will be possible to evaluate how different states of
the coherent structures affect the entrainment and mixing rates in the near field and as
a consequence the properties of the turbulent /non-turbulent interface, which is observed
to scale with the microscales of the flow (i.e. the Taylor or the Kolmogorov lengthscales).
The different entrainment and mixing rates may also affect the evolution towards the
self-similar state, since George (1989) suggested that the growth rate of a jet is strongly
dependent on the state of the coherent structures. Entraining and mixing “memoryless”
background fluid, the turbulent stream starts transitioning to a self-similar state, where
the profiles of its quantities at various streamwise locations (i.e. velocity, dissipation, etc.)
are the same once re-scaled in terms of local quantities (i.e. centreline velocity and jet

half-width, which all vary as a power law with the streamwise distance x).

In summary, this thesis will examine the following question: How do different near field
coherent structures impact the development of the jet and the behaviour of the small and

large scales of the flow?

1.2 Literature Review

The literature review will cover the ways that previous works have answered the question

above, split as follows:

e Types of initial conditions for an axisymmetric jet affecting the state of the coherent

structures and their influence on entrainment and mixing.

e Previous literature about the evolution of an axisymmetric jet from near to far field.
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e Previous literature about the TNTI and the small scale dynamics of a turbulent

flow.

1.2.1 Coherent structures and initial conditions

Recent works have focused on understanding the role of the initial conditions in affecting
the evolution towards self-similarity of various shear flows. As mentioned in section 1.2.1,
an axisymmetric round jet issuing directly from a contraction produces a flat-topped (“top
hat”) velocity profile in the near field and develops towards the far-field state (whether
self-similar or not) by entraining and mixing background, quiescent fluid into the tur-
bulent stream. With increasing axial distance the mean velocity profile evolves until it
reaches self-similarity. Previous studies have tried to understand how affecting the coher-
ent structures affected the path to reach this self-similar state. Antonia and Zhao (2001)
observed that jets with fully developed and “top-hat” mean velocity profiles reached self-
similarity (of mean flow and the velocity fluctuations) after the same streamwise distance,
and thereby suggested that the state of the coherent structures did not affect the jet’s
evolution. This has been a popular idea amongst researchers since the work of Townsend
(1976). George (1989) made a similar claim, that the mean flow and turbulent fluctuations
would exhibit the same self-similar profiles from flow to flow but, contrastingly, he argued
that there is a link between the self-similar state of a flow and its coherent structures. He
argued that the evolution of other turbulent quantities would not necessarily exhibit the

same self-similar profiles when comparing a multitude of different axisymmetric jet ows.

The state of the coherent structures of a round jet (i.e. the Kelvin-Helmholtz vortex ring)
is strongly influenced by the initial conditions. These comprise various effects, including
global Reynolds number Reg, type of exit (nozzle, orifice or pipe) and exit geometry

(circular or non-circular).

The dependence of the jet’s properties on the initial, global Reynolds number Req has
been studied by Xu et al. (2013) for a jet emitted by a long square pipe. The authors

observed that for Reg < 30,000 the streamwise decay of the mean velocity, Strouhal
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number of the instabilities and spreading rate of the jet were inversely proportional to the
Reynolds number whilst they would be independent of Reg for Reg > 30,000. This was
attributed to the different flow conditions at the nozzle exit which affected the downstream
large-scale flow structures. Despite the significant near-field differences, the square jet
would evolve to axisymmetry whilst transitioning to self-similarity. A similar conclusion
was reached by Namer and Otiigen (1988) and Mi et al. (2013), who observed that mixing,
evaluated in terms of spreading rate or centreline velocity decay rate, was weakened by
increasing the Reynolds number. Hence, in order to study the influence of Reqs on the
jet evolution, three Reynolds numbers are considered in the present study: Reqg = 3,000
and Reg = 10,000, to study a regime where some properties of the jet are expected to be

Reg-dependent, and Reg = 31,000, where they should not be.

The choice of nozzle/pipe/orifice jet exit also plays an equally important role in affect-
ing the large-scale coherence present in the flow and therefore entrainment and mixing.
The rate of entrainment describes the exchange of momentum, energy, vorticity, mass
and other properties between the surrounding fluid and the turbulent stream across a
sharp interface (the so-called turbulent/non-turbulent interface). This phenomenon, as
reviewed by da Silva et al. (2014a), is strongly affected by both large-scale (engulfment)
and small-scale processes (nibbling). In the near field, engulfment has been found to
be dominant (Yule, 1978), suggesting that affecting the coherent structures will directly
alter the entrainment and mixing processes. Mi et al. (2001) investigated the differences
in performance between jets with pipe-, contoured nozzle- and orifice-exits, observing
that the latter provided the greatest rate of mixing as shown by the highest spreading
rate, whilst the pipe-flow jet the lowest. By means of explanation, Mi et al. (2007) con-
cluded that both nozzle and orifice jets generated primary coherent structures (i.e. the
Kelvin-Helmholtz vortex rings), however they occurred more rapidly for the orifice flows

translating to a higher engulfment rate.

The coherent structures within the near-field of a jet low may also be manipulated by
using non-circular exit geometries. Examples include combining an increased wetted

perimeter and number of corners with various-shaped exits ranging from ellipses, triangles,
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squares (Gutmark et al., 1989), petals (Shakouchi et al., 2014), crosses and many others
(Mi and Nathan, 2010). Despite the extensive literature available, there is no agreement
as to how combining non-circular exits with different types of pipe/nozzle/orifice exits
affects the large-scale coherence, and as a consequence entrainment and mixing. Mi and
Nathan (2010) and Aleyasin et al. (2017), amongst others, tested various noncircular exit
shapes, each coming to different conclusions as to how the entrainment and mixing rates
varied between the shapes tested. Contrastingly from Mi and Nathan (2010), Shakouchi
et al. (2014) found that a 6-petal shaped nozzle with increased wetted perimeter led to
an increased rate of mixing compared to the round jet. Gutmark et al. (1989) found
that a combination of corners and large wetted perimeter would allow augmenting both
entrainment and mixing. These different findings can be attributed to the different type
of exit chosen, however all these studies indicated the possibility of improving mixing,
once the number of corners and the wetted perimeter were increased. For this reason, a
repetitive fractal pattern, based on a square geometry, is proposed in this study, which
allows maximising the number of corners and wetted perimeter for a given open area.
Such fractal geometry (fractal dimension D; = 1.5 and 3 iterations, as in Nedi¢ et al.
(2013b)) has been previously applied to the perimeter of axisymmetric wake-generating
plates where a break-up of the coherence, and a reduction of the shedding energy were

observed by Nedi¢ et al. (2015).

1.2.2 Jet’s evolution from near to far field

As previously mentioned, an axisymmetric jet evolves by entraining background fluid into
the turbulent stream and George (1989) suggested that the evolution of various turbulent
quantities of a jet would eventually (after a transition region) follow the same self-similar
scalings. Crucially, he argued that this was not the case for the rate of dissipation of
turbulent kinetic energy and choosing a different dissipation scaling would indeed alter
the spreading rate of each particular jet. Building on the work of George (1989), Nedié

et al. (2013b) found a rate of dissipation, of an axisymmetric wake with fractal perimeter,

31



that is not instantaneously in equilibrium with the inertial inter-scale energy transfer rate
(non-equilibrium dissipation) persisting until very far away from these wake generators,
thereby affecting the spreading rate of the wake. This was discussed further in the work
of Goto and Vassilicos (2015), where the authors verified that also in unsteady periodic
turbulence there would be a lag between the energy flux and the kinetic energy dissipation
rate, showing that they were not instantaneously in balance as indicated according to the
Kolmogorov “classical” equilibrium dissipation. Readers are referred to the review article
of Vassilicos (2015) for a full exposition on non-equilibrium dissipation. Summarising, if

one follows the classical Kolmogorov (equilibrium) theories, C;, as in (1.1), is a constant.

£ = constant (1.1)
@

)

Ce

in which ¢ is the (local) rate of dissipation of turbulent kinetic energy, ¢* is the (local)
turbulent kinetic energy and L is the (local) integral length scale. However, when non-
equilibrium dissipation is present, C. is a function of Reg and the local Reynolds number
Rey, (7) formed from the local r.m.s. velocity fluctuation u’ and the (local) Taylor mi-

croscale Ay

eL Reg2
Cc=— ~ o = constant VRey, = Rey, () # constant. (1.2)
a Af

Non-equilibrium dissipation was also found in regions of square-fractal element (Hearst
and Lavoie, 2014) and regular (Valente and Vassilicos, 2012) grid-generated flows, as well
as unsteady homogeneous isotropic turbulence (Goto and Vassilicos, 2015). Differently
from the previous cases, in an axisymmetric jet ey, becomes constant in the very far
field (Tennekes and Lumley, 1972), therefore a similar evolution to the other shear flows is
not necessarily expected. Despite the abundant literature available for the near field and
self-preserving state of axisymmetric jets, no studies to the knowledge of the author have
covered the approach to complete self-preservation, in which some, but not all, terms of

the mean kinetic energy equation may be self-similar.

As discussed, the fractal geometry may impact the state of the large-scale coherent struc-
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tures and as a consequence the entrainment and mixing rates. This means that different
exit geometries may impact the turbulent /non-turbulent interface through which entrain-

ment takes place and as a result the small scales of the jet.

1.2.3 TNTI and small scales

As discussed at the start of this chapter, entrainment takes place as an exchange of mo-
mentum, energy, vorticity, mass and other properties between the surrounding fluid (irro-
tational) and the turbulent stream (vortical) across the turbulent/non-turbulent interface
(TNTI) (da Silva et al., 2014a). The latter can be defined as a fluctuating interfacial
layer, which matches the weakly turbulent fluctuations to weak low-frequency external
fluctuations with larger scales (i.e. irrotational). In other words, a layer where the gra-
dients of vorticity fluctuations are maximal (Phillips, 1955). As shown in fig. 1.1, this
process takes place as engulfment (large-scale ingestion of irrotational fluid) or nibbling
(small-scale viscous diffusion). These two processes do not exclude each other and based
on the state of the coherent structures one may be more important than the other one.

Establishing which process is dominant across the evolution of the jet is somewhat open

Small-scale Irrotational fluid
nibbling

Vorticity
surface

Large-scale Large eddy

engulfing

U Turbulent fluid
0

Figure 1.1: Sketch of the TN'TT and entrainment processes. Figure reproduced from Bisset
et al. (2002), with the permission of Journal of Fluid Mechanics.

to debate (da Silva et al., 2014a), since some authors have suggested that in turbulent jets
engulfment is dominant, whilst others have pointed to nibbling. Dahm and Dimotakis
(1987); Dimotakis (2000) suggested that engulfment would be the dominant process in
the far field of axisymmetric jet and a similar conclusion was reached by Mungal et al.
(1991) for diffusion flames. Contrastingly, Westerweel et al. (2005) pointed to nibbling

as the dominant entrainment process in the far field of a jet between z/D, = 35 — 160.
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In order to better understand the process of entrainment, a deeper understanding of the
TNTT is needed both in the near, where engulfment may be dominant, and in the far

field, where nibbling may be dominant.

Examining the state of the TNTI has posed significant challenges in the past due to
its very small thickness. The first significant work on this topic (Corrsin and Kistler,
1954) suggested the existence of a viscous laminar superlayer (VSL) which matched the
irrotational regions to the vortical flow. Corrsin and Kistler (1954) suggested that the
thickness of this layer would scale with a viscous lengthscale, usually assumed to be
the Kolmogorov lengthscale 7. Decades later, numerical and experimental works have
suggested that the TNTT is not only composed of the VSL, but also of a turbulent sublayer
(TSL) where the vorticity reaches a local maximum and which has a thickness that scales
with the Taylor lengthscale Ay (Bisset et al., 2002; Westerweel et al., 2005) or simply to
the radius of the large scale vorticity structures (LVS) near the interface (da Silva and
Taveira, 2010). This implies that a full examination of the TNTI has been limited by the
high spatial resolution needed to fully resolve the jump of vorticity /velocity between the
irrotational fluid and the turbulent stream both in experiments and DNS. Moreover, to the
knowledge of the author, the various studies on the TN'TI have not covered the influence of
the coherent motions (or the lack of it) on its small-scale structure. Since the entrainment
process is dominated by engulfient in the near field, a break-up of the coherent structures

may change this in favour of nibbling, which is a small-scale phenomenon.

The small scales are important since they describe the state of the small-scale structures
of a flow. They have been thought to be well approximated as homogeneous and isotropic
(Kolmogorov, 1941; Batchelor, 1953) and their topology has been shown to depend on
the behaviour of the velocity gradient tensor (VGT), which can be split into a symmetric
and skew-symmetric part (or a strain rate s;; and a rotation tensor w;;):

a,l]_a.fj_éw %J_Z Bscj 8$l 2 85[3]' sz '

Here the flow velocity is split into its mean and fluctuating part following the Reynolds
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decomposition U; = U; + u;. Chong et al. (1990); Chacin and Cantwell (2000) defined
the invariants of the VGT, so-called because they remain constant regardless of which

coordinate system is used, from the roots of the characteristic equation of a;; written as
E+PE+QEFR=0, (1.4)

where P, () and R are the invariants. The first invariant P describes the negative trace
of the VGT (P = —ay;) and is therefore zero for an incompressible flow, hence leaving @)

and R to describe the flow topology
1
Q= Z(wiwi —25i;8ij) = Qu + Qs, (1.5)

1 3
R = _g(sijsjk’sk’i + Zwisijwj) = R, + va (16)

where w; indicates the ¢ — th component of the vorticity vector. The invariant () can be
considered as the local excess of swirling over strain rate (as discussed by Buxton et al.
(2017) amongst others), with its constituent parts @, being half the magnitude of the
enstrophy whilst (s = —e/4v is proportional to the turbulent kinetic energy dissipation

rate €.

Since P = 0 the states of () and R can be used to describe the state of an incompressible
fluid element. The ) — R space is now analysed in fig. 1.2a. The @) — R space can
be divided into four sectors based on the sign of R and of the discriminant of eq. (1.4)
D = @Q* + 27R?/4, which separates purely real solutions (D < 0, flow locally straining
only) from one real and a pair of complex conjugate pair of roots (D > 0, flow locally
swirling). In fig. 1.2a, the points of positive D are above the discriminant line, whilst the
region of D < 0 is below. The four sectors can be therefore defined as follows: sector
I. D > 0,R > 0 is referred to as the unstable foci where there is enstrophy attenuation;
sector II: D > 0, R < 0 is referred to as stable foci, where enstrophy amplification takes
place; sector III: D < 0, R < 0 is referred to as stable nodes; sector III: D < 0, R > 0 is

referred to as unstable nodes (Soria et al., 1994). The joint probability density function
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Figure 1.2: Physical meaning of various spaces spanned by the VGT invariants and their
constituent parts, as reproduced from da Silva and Pereira (2008). In (a) the four sectors
of the jpdf of () and R are shown in blue. The black line indicates the discriminant line
D = 0. In (b) the jpdf of Qs and Ry is shown. In (¢) the jpdf of —Qs and @, is shown.

(jpdf) of @ and R has been found to have a characteristic “tear-drop” shape in a variety of
fully developed turbulent flows including homogeneous isotropic turbulence, mixing layers
and wall-bounded flows (Soria et al., 1994; Blackburn et al., 1996; Tsinober, 2009; Buxton
and Ganapathisubramani, 2010). This “ubiquity” led to the belief the tear-drop shaped
jpdf is a universal signature of fine-scale turbulent motions (Chacin and Cantwell, 2000;
Elsinga and Marusic, 2010). Despite these studies being conducted in regions of fully
developed turbulence, this tear-drop shaped jpdf has also been found in regions where the
coherent motions of the flow are still present for grid generated flows and in the flow past
a square cylinder (Gomes-Fernandes et al., 2014; Buxton et al., 2017), which pointed to
the possibility of this tear-drop shape being a “universal” signature of turbulent flows in

general.

A great deal of information is also available from the jpdf of Q5 and R; (fig. 1.2b), which
is useful to analyse the geometry of the local straining. In fact, this jpdf links ), which is
proportional to the turbulent kinetic energy dissipation rate (Qs = —¢/4v), and Ry, which
is indicative of strain-rate production (Rs > 0) and of strain-rate destruction (Ry < 0).
Further, Ry can be linked to the eigenvalues of s;; as R, = —s15253/3, where s; is the
extensive eigenvalue (always positive), s3 the compressive one (always negative) and so

the intermediate one (either positive or negative). Due to incompressibility, the sum of
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the three eigenvalues equals zero. As discussed by da Silva and Pereira (2008), based on

the ratio of the first two eigenvalues a = s5/s1, it is possible to define lines of Ry as

R, = —(Q.)*2a(1 + a)(1 + a + a®)~3/2. (1.7)

As summarised by da Silva and Pereira (2008); Blackburn et al. (1996), cach line can define
a different state of the flow based on the (most common) ratio of the triplet sq : s5 : s3 as
follows: 2:-1:-1 (axisymmetric contraction), 1:0:-1 (two-dimensional flow), 3:1:-4 (biaxial
stretching, as modelled by Ashurst et al. (1987)) and 1:1:-2 (axisymmetric stretching). In
general it has been found that in many turbulent flows there is a preference for Ry > 0
and @)y < 0 indicating sheet-like structures, or simply a flow behaving locally like a jet
parallel to eg, impinging on the e; — e plane (Gomes-Fernandes et al., 2014). Here, ey,
e2 and eg are the eigenvectors of s;; corresponding to sy, so and s3 respectively. Previous
studies have indicated that the most probable geometry of a turbulent flow follows the
triplets 3:1:-4 or 2:1:-3 (Ooi et al., 1999; Soria, 1996; Blackburn et al., 1996; Ashurst et al.,
1987).

Another important space is the one between () and @, as shown in fig. 1.2c, which is
associated with the topology of the turbulent kinetic energy dissipation and anisotropy.
Usually, the points near the abscissa are associated with body rotation and little energy
dissipation. These are described as “vortex tubes”. The points associated with high
dissipation and little rotation are associated with irrotational dissipation outside these
vortex tubes (da Silva and Pereira, 2008). The 45° line represents points of high dissipation
and rotation described as “vortex sheets”. Based on the type of flow, authors found that
the majority of points tended to be aligned with the abscissa or with the 45° line (Ooi
et al., 1999; Soria et al., 1994; Blackburn et al., 1996).

Summarising, the three jpdfs discussed allow studying the small-scale structure of a tur-
bulent flow and understanding how the flow structure varies moving from the edge of the
TNTT into the turbulent bulk. A study on this latter topic was done for a planar jet

by da Silva and Pereira (2008, 2009), who found, for example, that in the Q — R space
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at the interface all points would be located under the discriminant line D, as expected
due to the fact that strain product dominated over enstrophy and therefore @) < 0 at
all times. However, moving into the turbulent zone, the characteristic fully developed
tear-drop shape was recovered at a distance of 12.8 Kolmogorov lengthscales 1 inside the

turbulent bulk.

1.3 Objectives and approach

This thesis aims to investigate how different states of the coherent structures affect the
near field and the evolution of an axisymmetric jet. Previous studies have reached con-
trasting conclusions on how different initial conditions will affect entrainment and mixing
rates. It is through this entrainment and mixing that a jet will develop towards an axisym-
metric, self-similar state in the far field according to the simple time averaged momentum
equation (TAME). However, the effects on the TNTT and on the evolution towards the
self-similar state are yet to be unveiled. George (1989) is clear that the rate of dissipation
of turbulent kinetic energy plays an important role in the evolution of these jets in the
self-similar region, which has been verified in recent years with the discovery of the non-
equilibrium dissipation law. Moreover, the state of the self-similarity at the microscales

may vary based on the initial state of the coherent structures.

Therefore, this thesis will explore the impact of the coherent structures on the overall
development of the jet. Moreover, analysing both round and fractal jets (where the
coherent structures may be proven to be broken-up by the exit geometry chosen in this
study) will allow comparing different properties and how they are linked to their initial

conditions.

Planar Particle Image Velocimetry (PIV) is initially used to assess the state of the flow
spatially and draw conclusions on which areas of the flow should be studied. Subsequently,
constant temperature hot-wire anemometry is deployed to evaluate the temporal proper-

ties of the jet. The thesis is concluded by measuring the three dimensional properties of
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the jet with tomographic PIV at various streamwise location downstream to evaluate the
evolution of the TNTT and of the jet’s small-scale properties. The choice of this technique
is dictated by the need for acquiring three dimensional-three component (3D-3C) data
without relying on any assumption (i.e. Taylor’s frozen flow hypothesis), to study the jet

properties near the exit.
The thesis will therefore assess the following questions:
e Does the fractal geometry break-up the coherent structures of an axisymmetric tur-
bulent jet? (chapter 3)

e How do different states of the coherent structures affect the evolution of the jet

towards the self-similar state? (chapter 4)

e How do the different states of the coherent structures affect the evolution of the

TNTI and of the small scale dynamics? (chapter 5)
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Chapter 2

Methodology

This chapter describes the methodology and procedures undertaken in the course of the

research.

2.1 Nomenclature and coordinate system

The data from the particle image velocimetry (PIV) are acquired in a Cartesian coordinate
system. Across the whole work, the coordinate system is defined with z as the streamwise
component and y and z the orthogonal ones. The instantaneous velocities are U, V' and
W respectively. In some parts of the work, the Cartesian coordinate system has been
converted to a cylindrical one. In that case, r is used to indicate the radial component,
whilst # indicates the azimuthal one. In the potential core, where the round jet has a
“top-hat” velocity profile, the location of the jet centre was determined as the minimum
value of the rms of the streamwise velocity fluctuations between the two peaks at the
shear layers. After the shear layers met, the location of the jet centre was determined
by fitting a Gaussian curve to the streamwise mean velocity profile to find the maximum
value. The instantaneous velocity components were then converted to U,, U, and Uy, as

shown in fig. 2.1. Mean (time-average) and fluctuating velocity are decomposed following
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the Reynolds decomposition:

Ui =T+ s (2.1)

(a) (b)

Figure 2.1: (a) Jet’s coordinate system for planar and tomographic PIV data and (b)
velocity components.

2.2 Jet structure

The flow was generated by an open jet facility at Imperial College London, designed
and built specifically for this project, in which the working fluid was air. The flow is
conditioned with a honeycomb (hexagonal cells, aspect ratio = 1) and two screens of
decreasing mesh size, before it enters a 5™ order polynomial contraction. The distance
between the first and second grid is 30 mesh lengths (as suggested by Lindgren and
Johansson (2002)), whilst that between the second screen and the nozzle is 270 mesh (the
finer, downstream mesh) lengths, in order to let the turbulence intensity decay (Mazellier
and Vassilicos (2010) suggested that 150 mesh lengths could be potentially sufficient to
let the perturbances decay, but in the present case 270 were found to be necessary to
minimise the turbulence intensity). A schematic is provided in fig. 2.2. The exit flow is
found to have a sharp “top-hat” mean velocity profile and turbulence intensity < 1%.

Three different orifices (round, square and fractal) of thickness 0.1 mm and of identical
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open area (D?) are attached to the nozzle, as shown in fig. 2.3. Each jet thus has the

same exit flow velocity U, for a given volumetric flow rate,

Vol tric fl t
D, = VExit area — 15.8mm 0, — ~oumetc fow rate, 22)
Exit area

Apart from the jet exit shape, all the conditions of the jets are kept the same, since
Iyogun and Birouk (2009) showed that nozzle shape and contraction can strongly affect
entrainment and mixing and in this way the only differences will be due to the exit

geometry. Two Reynolds numbers, defined as

eDe
Reg = e (2.3)

14

of Reg = 3,000 (U, = 2.98m/s) and Reg = 10,000 (U, = 9.93m/s) were chosen, where
different regimes of Kelvin-Helmholtz vortices were expected in order to test the Reg-

dependence (which should hold for Res < 30, 000).

The flow rates through the jet were carefully controlled using an Omega FMA-26 mass
flow controller to ensure that these operating conditions were repeatable. As suggested
by the manufacturer, the uncertainty regarding the consistency of the flow at the jet exit
was estimated to be less than 1%, as detailed in table 2.3. The calculation procedure for

the uncertainties is detailed later on in this chapter of the thesis.

Various testing methodologies were used to study the flow. An initial testing campaign of
low resolution planar PIV (LPIV) was used to characterise the flow. This was followed by
a high resolution PIV (HPIV) experiment to study the dissipation of the jet. Subsequently,
hot-wire anemometry (HW) was completed in the far field and in the near field to study
the temporal properties of the jet. In these 2D experiments, U — V' velocity components
from the Cartesian coordinate system correspond to U, —U, in the cylindrical one. Finally,
tomographic PIV (TPIV) was completed to study the three dimensional properties of the
round and fractal jet only. This time the Cartesian velocity components U —V — W were

converted to U, — U, — Up.
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Figure 2.2: Schematic of the jet facility with orifice attached to the exit.
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Figure 2.3: Exit geometries studied. The aspect ratio A2 between major and minor axis
is shown.

Now, the different testing campaigns are examined in detail.

2.3 Planar PIV

Particle image velocimetry (PIV) has seen an increasing use in the past decade thanks
to its ability to instantaneously measure many points (in the order of 10* — 10°) at
a sufficiently high spatial resolution to resolve the strain-rate and the rate of rotation
(Westerweel et al., 2013). Planar PIV allows measuring the 2D properties of a jet in a
specific region of the flow. As discussed by Raffel et al. (2007), a PIV system consists of
a number of cameras, optical lenses, mirrors, a laser and a flow seeded with illuminated

particles. A typical PIV system is shown in fig. 2.4.

A planar PIV experiment involves (usually) a single camera and it allows the measure-
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Figure 2.4: A typical PIV system. Figure reproduced from Raffel et al. (2007).

ment of the two-dimensional/two-component (2D-2C) velocity vector across the field of
view acquired. In this experiment, a 4 Megapixel camera Imager SX was mounted on a
Minitec structure, where its position could be adjusted based on the streamwise location
studied. A lens of type AF DC-Nikkor 105 mm {/2D (f-number f/16) was used. The
flow was illuminated with a double cavity Nd:YAG low speed laser running at 15Hz. A
seeded low speed co-flow (speed of =~ 0.1 m/s) was added to the facility to avoid biasing
the experiments as background fluid is entrained into the jet and to be able to resolve the
edge of the jet. The seeding material chosen was a vestonsint 2159 powder, which com-
bined a good light scattering behaviour and a long enough presence of the co-flow in the
background before decaying to complete the acquisition. The particles of this particular

powder had diameter of d, ~ 10 um. The Stokes number is defined as

Ts 1% _
St=—=0.18, 7, = d2 P —5.107°s 2.4

where 7, is the relaxation time as a function of particle diameter, particle density p, and
fluid (in this case air) dynamic viscosity p. The requirement for the particles to faithfully
track the flow is St < 1, which is the case for this powder. The response time of the
flow 7; was estimated as the Kolmogorov time scale 7; = (v/£)°?. The time delay dt
between the two consecutive low-speed PIV frames was set at each station and for each
jet (due to the different flow velocities) so that the travel of the particles was between 12

and 15 pixels.
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The flow is studied between 0 and 23D, and the laser sheet was placed across the centre
line of the jets on the & — r plane, as shown in fig. 2.5. In order to cover this region, four
fields of view were imaged with an overlap of approximately 1 D.. For the noncircular

geometries, the low was imaged across both major and minor axes.

Figure 2.5: Schematics of areas studied with planar PIV.

Table 2.1: Spatial resolution of LPIV experiments (worst case) in terms of equivalent
diameter and Kolmogorov lengthscale. The estimate of the dissipation rate (and as a
conseuquence of 1) is later discussed in section 2.6.

| Round Square Fractal

0—6D, | 227 (0.03D,) 247 (0.03D,) 227 (0.03D,)
6— 12D, | 175 (0.03D,) 187 (0.03D,) 18y (0.03D,)
12— 18D, | 147 (0.03D,) 157 (0.03D,) 157 (0.03D,)
18 — 23D, | 115 (0.03D,) 11n (0.03D,) 12y (0.03D,)

In total, 1,500 images were acquired per jet configuration for each of the four regions at
various streamwise locations. The fields of view were of size of approximately 9D, x6.7D..
The postprocessing was done on the commercial software DaVis. An initial interrogation
area of 64 x 64 pixels was used to process the images recursively with a final window size
of 16 x 16 pixels. Between each multi-pass iteration, the option smoothing was set to

optimal (default) to reduce noise and a median filter removed the outliers in each 5 x 5
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pixels window. A 50 % overlap between adjacent interrogation areas was used leading
to a final vector spacing of 0.03D, across all jet configurations. The spatial resolution of
each streamwise test is detailed in table 2.1. Spurious vectors were removed and replaced
using a similar scheme to Westerweel and Scarano (2005), but the total number of spurious
vectors was always found to be less than 4 %. Following the preliminary results of the
testing campaign, highly resolved planar 2D2C PIV (HPIV) was performed to investigate
the velocity gradients in the near field (2-5 D) and in the “far field” (23-26 D., where the
Reynolds stress profiles are self-similar) at Reg = 10,000. This time, a final interrogation
area of 12 x 12 pixels with 50 % overlap was used. This led to a vector spacing of
0.013D, and a spatial resolution of 3.7 Kolmogorov length scales () in the far field (after
dissipation was corrected following the methodology of Tanaka and Eaton (2007), further
details are given in chapter 4) and ranged between 0.08-0.12 longitudinal length scales
(Af). Further details about the calculation of these length scales are given at the end of

this chapter.

2.4 Hot-wire Anemometry

Constant temperature hot-wire anemometry has extensively been used in fluid research
due to its excellent signal to noise ratio and frequency response. This technique involves
placing a probe inside the flow and measuring the fluctuating electric signal needed to
keep the wire at constant temperature in response to the fluctuating convective heating
experienced by the wire. This is then converted into a velocity signal with a velocity
calibration. In order to obtain one, a voltage is acquired by the hot-wire together with,
for example, measurements of velocity from a pitot static tube, ideally in the free stream
or in a suitable location where the velocity is known to be the same between the hot-wire
and the pitot (i.e. the core of a jet). The calibration is then found by calculating the

coefficients C' of a 4"* order polynomial

U=Cy+ CLE + CyF? + C3E* + CyE*, (2.5)
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where U is the measured velocity and E the voltage. This formula is then applied to the

acquired data. An example is shown in fig. 2.6b. As detailed by Dantec, the manufacturer
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Figure 2.6: (a) Example of single hot wire (Manual of Dantec Dynamics) and (b) example
of calibration in the near field of the round jet.

of the current hot-wire probes, an increase in temperature of 1°C can lead to a measure-
ment error of 2%. Despite the lack of windows in the laboratory and, as a consequence,
the relatively small temperature variation within it, the hot-wire was re-calibrated after
each run of experiments and the temperature was monitored during each run to check it

was less than 1°C different from the temperature the test started with.

In this work, single hot-wire (as in fig. 2.6a) constant temperature anemometry (CTA)
was conducted, with an acquisition time of 30 seconds per probe location and a sampling
rate of 100 kHz, which was subsequently low-pass filtered at 30 kHz. Gold-plated 55P01
Dantec hot wires were used, the ratio between wire length and diameter was 250 (wire
diameter 5 um, worst case spatial resolution of 1.25 mm ~ 207 in the near field and ~ 127
in the region 23 —26x/D,), the overheat ratio was set at 0.8 and the square wave response
was above 40 kHz. Comte-Bellot (1976) suggested that a ratio between wire-length and
diameter of 200 is necessary to minimise the conductive heat errors. Therefore, the present
hot-wire is appropriate to study a turbulent flow. The data were acquired in the near
field (0-6 D,) and in the “far field” (24-26 z/D,) at Reg = 10,000. A series of points

across a radial extent including the jet centreline and the shear layers were acquired at
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each streamwise location spaced radially by 1 mm. A final set of experiments was also

conducted in the far field at Reg = 31,000 in the same manner.

The testing campaign was concluded with tomographic PIV.

2.5 Tomographic PIV

Tomographic PIV (TPIV) was developed in the Netherlands in 2006 (Elsinga et al., 2006)
and it has seen an increasing popularity since then due to its ability to reconstruct the
complete three dimensional velocity vector in a volume of a flow. TPIV requires a more
complex arrangement compared to planar PIV, since this time the field of view (FOV)
is captured by four different cameras (a standard set-up) and a laser volume needs to be
generated. An example of the experimental arrangement and of the processing strategy

is shown in fig. 2.7.

Camera system

Projections

+ Tomographic reconstruction
t+At

[
%
*‘\g_ Vector field

Figure 2.7: Tomographic PIV set up. Figure reproduced from Elsinga et al. (2006).

Generating a volume rather than a laser sheet has important consequences on the spatial

resolution that can be achieved by a particular experiment. In fact, differently from a
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planar PIV arrangement where a seeding density of 0.15ppp (particle per pixel) is ac-
cepted for a plane, for a TPIV experiment the seeding density should not be greater than
0.05ppp (Michaelis et al., 2010) for the interrogated volume since otherwise the quality
of the volume reconstruction from the four FOVs (cross-correlation) will be severely af-
fected. However, this will also reduce the spatial resolution that can actually be achieved
compared to a standard planar PIV experiment. Therefore, reducing the volume thickness
allows improving the spatial resolution, which becomes important to study the small-scale
structure of a flow. In this research, the TPIV experiment was performed to study the
small-scale structure of a turbulent jet and therefore the laser volume thickness was set
to be 5mm (of which ~ 3 mm was retained after the postprocessing later described) with
a variable aperture slit in order to compromise between a reasonable spatial resolution

and thick enough volume depth.

Now a brief review of the steps needed to complete a TPIV experiment is given. First,
a laser volume is generated by the same double cavity Nd:YAG low speed laser running
at 15 Hz, the images are acquired with four cameras, 4 Megapixel Imager SX fitted with
four lenses of type AF DC-Nikkor 105mm f/2D (f-number f/16). An optical calibration
is performed by traversing a dotted plate across the whole volume at the positions T =

Land 10mm and acquiring an image from the cameras in each step. The

Omm, 5mm
commercial software Davis was then used to generate the optical three-dimensional cal-
ibration knowing the distance between the three streamwise views. However, this first
calibration can suffer a calibration error sometimes of the order of 2 pixels. The calibration
error arises in the reconstruction step, when each voxel position in space is mapped to a
camera pixel position. Here, a voxel represents a three dimensional unit, corresponding
to the 3D counterpart of a pixel. In order to achieve a volume reconstruction of high
quality, the calibration error needs to be within 0.1 pixels (Elsinga et al., 2006), however
this can be difficult to achieve with the optical calibration only. Therefore, in order to

improve the calibration quality, a volume self-calibration was completed as discussed by

Wieneke (2008). This process involves acquiring a sequence of PIV images and triangu-

Here, ¥ = 5mm is the approximate centre of the laser volume at a given measurement station.
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lating the particles, evaluating the error through a disparity map. Here, the 3D position
of the particles is calculated in small subvolumes within the reconstructed volume and the
triangulation error (i.e. the disparity between the predicted position calculated between
different cameras) is averaged inside them. Knowing this error, it is possible to correct
the calibration and bring the error down to the required level. In order to have an ho-
mogeneous disparity map, the images were recorded running the coflow only. After these
initial calibrations, images were acquired switching both coflow and jet on. The TPIV
images were processed using the MART algorithm (6 iterations), a multiplicative alge-
braic reconstruction (Herman and Lent, 1976). This process works as follow. The object
is reconstructed as a discretised 3D array of light intensity in physical space E(X,Y, 7)
from its projections on the CCD arrays. This problem is under-determined and a lower
seeding density usually leads to a better reconstruction. The relationship between the in-
tensity of the " pixel with image coordinates (z;, ¥;) and the light intensity distribution

of the 5% voxel in the 3D physical space is given by the linear equation:

> @i B(X:, Y], Z) = (i, 1), (2:6)
JEN;
where N; is the voxel’s neighbourhood around the line of sight of the it pixel (i, vi)
through the volume. The weighting coefficient w; ; describes the contribution of the j™
voxel with intensity F(X;, Y}, Z;) to the pixel intensity I(z;,y;) and it is calculated as the
volume fraction intersected by the line of sight with the considered voxel. A schematic is
shown in fig. 2.8. This process is then completed with an iterative implementation with

a predictor-corrector technique and it requires non-zero/uniform initial conditions.

In order to improve the quality of the reconstruction of the images, a dark background
previously acquired was subtracted. Sliding minimum subtraction, Gaussian smoothing
using a 3 x 3 pixels kernel to reduce the background noise and sharpening to reduce
the number of “ghost particles” (a brief review on ghost particles is given at the end
of the section) were also performed on the raw images, allowing the particle diameter

to be of the order of 2 pixels and the ppp to be within 0.04 and 0.05. In order to
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Figure 2.8: Top view schematics of imaging model used for tomographic reconstruction.
Figure reproduced from Elsinga et al. (2006).

reduce the postprocessing time sparse cross-correlation (Discetti and Astarita, 2012) was

implemented.

The tomographic PIV (TPIV) experiments were conducted at x/D, = 2, x/D, = 10 and
z/D, = 25 to study the spatial three dimensional statistics of the jet, as shown in fig. 2.9.
The three regions were chosen to study the jet in three different phases: at x/D, = 2,
when it is starting to develop, at /D, = 10, after the shear layers have met, and at
x/D, = 25, where the jet is expected to be self-similar at the mean velocity and Reynolds

stresses. The laser volume was produced as before at 15 Hz and the image processing was

done in DaVis 8.4.

The vectors were reconstructed in three steps: an initial recursive direct correlation?,
followed by two iterations of motion tracking enhancement (MTE) (Novara et al., 2010) to
reduce the number of ghost particles and a final recursive direct correlation®. A summary

of the processing steps together with the computational time is provided in fig. 2.10.

Finally, in order to correct the non-zero divergence of the resultant velocity fields, the data

2The first recursive direct correlation was done in steps of specific correlation volume voxel size (passes):
160 x 160 x 160(10) — 96 X 96 x 96(2) — 64 x 64 x 64(2). The volume overlap was 75%.

3The second recursive direct correlation was: 160 x 160 x 160(10) — 96 x 96 x 96(2) — 64 x 64 x 64(2)
— 48 x 48 x 48(2). The volume overlap was 75%.
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Figure 2.9: Schematics of volumes studied with TPIV.

were corrected using the divergence correction scheme (DCS) as in De Silva et al. (2013).
This non-zero divergence is due to experimental noise and, as shown by Buxton et al.
(2011a), it can significantly alter the VGT invariants (section 1.2.3), obscuring the shape
for example of the () — R joint probability density function (jpdf). The DCS scheme is
based on a non-linear optimisation based constraint which minimally alters the acquired
velocity field, whilst restricting the magnitude of the divergence to a maximum tolerance.
The objective function to be minimised is the ensemble average of the “turbulent kinetic
energy” added to the measured velocity field, i.e. k = 25’21( (U;—Uy)), where the velocity

is split following the Reynolds decomposition as:

The divergence error was set to be |0a;/0x; < 10s7!| 1 after a convergence study, which

led to an average l;:/Ucl < 5% (compensated by the jet streamwise centreline velocity).

4The notation  is used to denote the corrected velocity field for tomographic PIV after the DCS is
applied. Later it is dropped since the analysis on the 3D-3C data is based solely on the corrected fields.
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Figure 2.10: Processing time of a single TPIV time step in DaVis. The computer has two
processors Intel(R) Xeon(R) CPU ES-2690 v2 at 3 GHz and 128 GB of RAM.

2.5.1 Ghost particles

Ghost particles, as discussed by Maas et al. (1993), are formed at the intersection of line
of sight where multiple particles are simultaneously present. They consist of spurious in-
tensity peaks and they are reconstructed together with actual particles. On one side, they
cause an underestimate of the “actual” particle displacement gradient magnitude (Elsinga
et al., 2011). On the other, ghost particles subtract energy from the actual particles, re-
ducing their accuracy (Elsinga et al., 2011). Differently from the “true” particles, the
ghost ones only appear at “random” in one of the two frames used to reconstruct a TPIV
volume. Hence, the previously mentioned MTE method is highly effective in predicting
the position of an original particle in the two frames and in identifying whether a ghost

particle is present due to its random appearance in one of the two frames only.
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2.6 Spatial Resolution

The spatial resolution of the different experiments was evaluated in different ways, based
on the dimensions and components of velocity available. For the TPIV, the dissipation

rate £ was calculated using all nine velocity gradients as detailed in George and Hussein

(1991)

(NG ()
(NG 52 (2 G3))

(2.8)

o

Here the velocity components are reported in a Cartesian coordinate system as in the
original work. From eq. (2.8), the Kolmogorov lengthscale was estimated as n = (13/¢)/4.
The transverse Taylor lengthscale A\, was calculated as in Goto and Vassilicos (2016)
inserting the dissipation rate ¢ calculated in eq. (2.8) and subsequently converted into the
longitudinal Ay as
¢
Ag =4/ 10v—, (2.9)

s

c

2
A =V2\, = \/QOV%, (2.10)

where ¢? is the turbulent kinetic energy, calculated from the root-mean-square of the ve-
locity fluctuations. Across this thesis, the root-mean-square of a variable will be indicated

by primed quantities, i.e. v’ = vuu.

The computation of ¢ yields to a spatial resolution (worst case) for the TPIV experiment
of 11 pat x/D, = 2, of 9n at x/D, = 10 and of 5y at /D, = 25. In terms of the
longitudinal Taylor lengthscale, the spatial resolution ranged between 0.3 and 0.1\ at

the three locations studied.

For the HPIV test, the dissipation rate in the far field was calculated assuming the flow

would be locally axisymmetric (George and Hussein, 1991) around the z-axis and the
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longitudinal Taylor lengthscale was estimated as in eq. (2.10)

=[G ) A G ((5)) ()] e

= u'? + 115 + w' _ u'? —;21/27 (2.12)

where ¢? is calculated assuming axisymmetry (v = w').

Additionally, a HPIV test was conducted in the near field, 2 < z/D, < 6, in order to
estimate the dissipation rate since a spatial resolution that is twice as fine as that of the
TPIV in the near field could be achieved. The resolution of this HPIV data was estimated
to be between 6 — 13n. The dissipation rate estimated from the TPIV data set and the
HPIV data set, using the assumption of local axisymmetry (George and Hussein, 1991),
were found to differ by up to 50% due to the coarse spatial resolution of the TPIV. In fact
both estimates of dissipation are likely to be underestimates since a resolution of ~ 3n
is considered necessary to resolve the dissipative scales of a turbulent flow (Worth et al.,
2010; Buxton et al., 2011b). Nevertheless, in terms of the longitudinal Taylor lengthscale
Ar (computed from the HPIV dataset), the spatial resolution of the TPIV was always
less than 0.4\, which is deemed more than sufficient to resolve the large-scale vortical
structures. A similar spatial resolution of ~ 0.4\; was also achieved with the hot-wire in

the near field.

Table 2.2: Processing details for Planar and Tomographic PIV. The worst case scenario
for the spatial resolution is reported.

LPIV HPIV TPIV
Initial interrogation window 64 x 64 pixels 64 x 64 pixels 160 x 160 x 160 voxels
Final interrogation window 16 x 16 pixels 12 x 12 pixels 48 x 48 x 48 voxels
Overlap 50% 50% 75%
Spatial resolution (“far field”) 11n ~ 4n 5n
Digital Resolution (pz/mm)  16.7 28.0 45.7
Size of Field of View (mm) 141 x 106 85 x 63 33 x 29 x5

In chapter 4, a correction method for the dissipation estimate is applied to the data at
z/D, = 23 — 26. In fact, as shown by Tanaka and Eaton (2007), the inherent noise

present in the velocity gradients attributed to the sub-pixel discrimination algorithm in
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the PIV processing can be corrected by calculating the dissipation rate from a coarser

stencil (e9ap) and from the fully resolved measurements (eap,) as

fe %’ﬂ (2.13)

This methodology indicated that the originally calculated spatial resolution for the HPIV
test in the far field improved from 5.5 to 3.7n. A summary of the spatial and of the

camera digital resolution® is reported in table 2.2.

2.7 Uncertainties

Different methodologies were considered to estimate the uncertainties for the various
PIV and hot-wire experiments. As detailed by the manufacturer, the uncertainty of the

massflow meter was calculated as follows

Uncertainty = £0.4% of Reading + 0.2% of Instrument Full Scale. (2.14)

For the low resolution PIV, the convergence of the root-mean-square (r.m.s) of the stream-
wise velocity fluctuations, u/,, based on the number of images was checked and an uncer-
tainty band was determined once the values were found to converge. It was found that the
r.m.s. would converge after 1,000 images, leading to an error band usually within 2%,
but never greater than +4%. For the highly resolved PIV data, the uncertainty was es-
timated by fitting a parabola to the two-point autocorrelation, R, ., of the streamwise

velocity fluctuations, u,, in the streamwise direction z, with increment &

(ug(z, 1)U (z +€,7))

Rux;n(mv T, E) - ug(% T)U;(ZE + Sa T) ‘

(2.15)

As indicated by Pope (2000), a parabolic behaviour is expected by R, . as & — 0, by the

5The digital resolution refers to how close the camera is to the object, whilst the spatial resolution is
also a function of the final interrogation window of the PIV cross-correlation.
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central limit theorem. Therefore, the difference between R, .(z,7,0) and the parabola
fitting at £ = 0, which ideally should be zero, gives an indication of the experimental error.
In the regions studied the uncertainty was found to be never greater than +2%. Later at
the end of chapter 4, error bars are reported for some quantities such as turbulent kinetic
energy and centreline velocity. These were derived through error propagations, which is
done by calculating a value of a quantity at a specific location averaging across an increas-
ing number of time steps to see how it oscillates with respect to the value it converges to.
A similar approach was used by Baj and Buxton (2017), amongst others. Regarding the
estimate of quantities involving the velocity gradients, such as the dissipation rate ¢, the
data were found to converge within +2.5%. For the hot-wire data, a similar procedure
was performed on the autocorrelation of u,. The uncertainty was found to be less than
5% in the near field and it was less than 1% in the “far field” regions. For the tomographic
PIV, the uncertainty is evaluated through the previously mentioned DCS, scheme, which
showed that a maximum of 5% of vectors was replaced at the three streamwise locations
studied.

Reg 3,000 10,000 31,000
Massflow meter +0.84%  +1.00% +0.62%
PIV (low resolution) | £2 — 4% 42— 4%
PIV (high resolution) +2%
Hot-wire +2% +5%

Table 2.3: Uncertainty of the massflow meter, PIV and hot-wire anemometry at different
Req N.B. the procedure for calculating the uncertainty estimates of the PIV and hot-wire
anemometry is presented at the end of this chapter.
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Chapter 3

Breaking up of coherent structures

with fractal geometry

In this chapter, the break-up of the coherent structures due to the fractal exit geometry
is examined. Part of the findings are published in Breda and Buxton (2017) and Breda

and Buxton (2018a).

3.1 Definition

Since the work of Brown and Roshko (1974), the “coherent structures” of a turbulent
shear flow have attracted numerous studies, but lacked a formal definition. One of the first
authors to provide one was Hussain (1986), which defined them as: a connected turbulent
fluid mass with instantaneously phase-correlated vorticity over its spatial extent. Visually,
coherent structures for a round jet can be identified as a series of vortex rings rolling-up
at the jet exit, travelling and bursting further downstream. Therefore, a good way to
evaluate the break-up of the coherent structures may be conducting a flow visualisation
experiment, like seeding the jet only to verify the presence of the Kelvin-Helmholtz vortex
rings as in fig. 3.1. However, flow visualisation itself is not sufficient to discard the

presence of structures which meets the definition given above by Hussain (1986); in order
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(a) Round (b) Square (¢) Fractal

Figure 3.1: PIV images for visualisation purposes only, the Kelvin-Helmholtz vortex rings
are indicated by the white arrows. N.B. for clarity the co-flow was switched off when
capturing these images.

to evaluate the state of coherent structures, three-dimensional data are needed such that
the vorticity can be calculated. However, it may not always be possible to access the full
vorticity vector, due to experimental /numerical limitations. Hence, two methodologies are
proposed below to evaluate the state of the coherent structures: one based on 2D planar
PIV data and one on 3D-3C tomographic PIV data. Henceforth, streamwise velocity U,,
radial velocity U, and azimuthal velocity Uy are split into their mean and fluctuating

parts, following the Reynolds decomposition.

3.2 2D evaluation

In order to describe the state of the coherent structures, the two point correlation of the
velocity fluctuations w, in the streamwise direction x as a function of a streamwise incre-
ment ¢ and compensated by the the root-mean square (r.m.s.) of the velocity fluctuations

ul., as defined in eq. (3.1), was calculated from the 2D planar LPIV data.

(up(z,m)up(x + &, 1))
u(x, r)ul(x+ & r)

Ry,e(,7,€) = (3.1)
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Figure 3.2: Schematic of the two point correlation R, .(x,7,&). The round jet taken as
an example is generated by the nozzle contraction.

Here, the ensemble average (x) indicates an average in both time and space of the corre-
lation (within a 3 x 3 vector box, of approximately 517 x 51 surrounding the location (z,
) to improve the statistical convergence of the correlation, whilst ensuring the results are
insensitive to the size of the box chosen. The 3 x 3 size was found to be appropriate after
a convergence study'. This two-point correlation should highlight an anti-correlation (i.e.
the change of sign of U, across some characteristic length scale as shown in the schematic
of fig. 3.2), which is associated with the azimuthal component of vorticity of the Kelvin-
Helmholtz vortex rings. Hence the lack of it would suggest that the coherent structures

have been broken-up.

As shown in fig. 3.3, the fractal geometry suppresses the negative anti-correlation at both
the centreline and shear layer, where the latter is located at the peak? of the r.m.s of the

streamwise velocity fluctuations u! (z).

To examine the consequences of this suppression of the Kelvin-Helmholtz vortices on
the axisymmetric shear layer, the combined correlation of streamwise and radial velocity

fluctuations R;;, is analysed as a function of the radial increment 1,

(ug(z, m)uz(, 7 + ) + up(z, 7)u,(z, 7 + 1))

Ry, (x,r,¢) = ul(z, )l (z,r 4+ ) + ul(x, r)ul (e, r + 1)

(3.2)

'Whilst the use of a spatial averaging would certainly affect the conclusions on the small scales, in
this case the authors only want to show the effect of exit geometry on the decorrelation of R, ., which
scales with the integral lengthscale.

2There are two peaks for a given PIV field of view, however the results are comparable between each
side of the (approximately, in the case of the fractal jet) axisymmetric shear layer.
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Figure 3.3: Two point correlation R, , as a function of increasing streamwise increment

¢atx/D, =3 at Reqg = 10,000 (LPIV data).

to evaluate the influence of the coherent structures on both streamwise and radial fluc-
tuations. Again, as shown in fig. 3.4, a markedly different behaviour is found between
the fractal jet, where it is shown that the near-field coherent structures have been sup-
pressed, and the round and square jets, where the Kelvin-Helmholtz vortex rings are still
present as indicated in fig. 3.1. At x/D, = 2, when the correlation is directed towards the
irrotational background fluid, the fractal jet is found to decay more rapidly, indicating a
thinner shear layer, in part due to the suppression of the coherent structures. When the
correlation is directed towards the core, the fractal jet decays more slowly further con-
firming the observation of a thinner shear layer. In fact, the lack of the Kelvin-Helmholtz
vortices reduces the amount of irrotational fluid “moved” towards the jet core, slowing
down the growth of the shear layer and the decay of the correlation R;; . Despite such
differences near the jet exit, at /D, = 11 the jets show comparable behaviour. Having
discussed the potential break-up of the coherent structures due to fractal geometry from

two-dimensional data, now this topic is explored through the TPIV results.
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Figure 3.4: Two point correlation R;;, in the radial direction before (a) and after (b)
the shear layer has coalesced at Reg = 10,000. In both the correlation is calculated at
the shear layer, located as the radial location at which u/,(z) is maximum. Positive 1 is
directed towards the centre, while negative 1) towards the irrotational background flow.

3.3 3D evaluation

The tomographic PIV data give access to the full 3D vorticity vector. The vorticity is
evaluated in polar coordinates

w = [wy, Wa, Wy). (3.3)

An initial evaluation of the state of the coherence is done by analysing the time averaged

mean vorticity in cylindrical coordinates, calculated as:

|G| = /w2 + wj + w2 (3.4)

in the near-field, compensated by the mean streamwise centreline velocity U, and by the

jet half-width 7/, defined as:
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Figure 3.5: Mean vorticity |@| at /D, = 2 and Reg = 10,000. The exit geometry is
shown in the background in grey. The major axis is shown by the black line, while the
minor one by the white line.

For an axisymmetric jet, it is expected that the coherent structures will lead to a coher-
ent region of vorticity surrounding the jet core, due to the development of the Kelvin-
Helmholtz vortex rings. This is found to be the case, as shown in fig. 3.5a. For the fractal
jet, it can be observed in fig. 3.5b that the multiscale geometry determines the presence
of isolated areas of high absolute magnitude vorticity, even though the jet appears to be
largely coherent around its core. However, the single components of the vorticity vector
still need to be assessed, since as detailed by Violato and Scarano (2011), modifying the
state of the coherent structures with the aid of a chevron nozzle led to a reduction of the
azimuthal vorticity wg and to an increase of the streamwise w, and radial w, vorticity
components. Hence, the orientation of the vorticity vector is now evaluated to assess if
vorticity remains coherent on at least one of its components. The first one to be inves-
tigated is the azimuthal vorticity wy. As shown in fig. 3.6a, the coherence of the round
jet is shown by a well defined vortex-ring around the core, which is expected due to the
evolution of the Kelvin-Helmholtz vortex rings. Further, it is confirmed that most of the
contribution to the vorticity vector is due to its azimuthal component, as visualised in
fig. 3.7a and fig. 3.7¢c

|wo| > Jwr| = |w.| = 0, (3.6)
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Figure 3.6: Azimuthal mean vorticity at /D, = 2 and Res = 10,000 (TPIV data).

whilst the radial and streamwise components remain negligible. In comparison, the fractal
jet is found to have a different behaviour. In fact, its azimuthal vorticity is characterised by
patches of high vorticity divided by the fractal geometry, as shown in fig. 3.6b. Moreover,
it is found that the patches of high vorticity along the major axis are starting to move
inwards towards the centre of the jet. Further, the suppression of coherence leads to the
formation of opposite signed radial and streamwise patches of vorticity, with magnitude

significantly higher than the round jet, as shown in fig. 3.7b and fig. 3.7d

jwol 2 fwr| 2 |- (3.7)

Moreover, the radial vorticity is found to have a comparable magnitude to the azimuthal

vorticity, whilst it was almost negligible for the round jet.

Therefore, none of the components of the mean vorticity vector of the fractal jet can be
defined as “coherent” in the mean, since the azimuthal vorticity is split into patches whilst
streamwise and radial components are divided in opposite-signed regions, which may
indicate that the vorticity components are not instantaneously coherent too. Examples of
the instantaneous single components of vorticity, which are specifically referenced in the

definition of Hussain (1986) for a coherent structure, for the fractal jet are shown in fig. 3.8
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and fig. 3.9. Effectively, the fractal geometry determines a mean transfer of vorticity from
the azimuthal towards the radial and streamwise components, due to the break-up of the
vortex rings. The transferred vorticity does not lead to the formation of phase-correlated
structures, since w, and w, shows the presence of new opposite signed patches of vorticity
which indicates that the formation of instantaneously phase-correlated structures is likely
halted. Therefore, the vorticity vector confirms the findings of the 2D LPIV experiment
in the previous section, which suggested that the fractal geometry leads to a break-up of
the coherent structures. Similar findings have been shown for other turbulent flows, such
as jets fitted with a fractal grid (Cafiero et al., 2015), grid-generated flows (Melina et al.,

2016) and axisymmetric wakes (Nedi¢ et al., 2013a).
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Figure 3.7: Radial and streamwise mean vorticity at =/D, = 2 and Reg = 10,000 (TPIV
data).
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Figure 3.8: Instantaneous azimuthal vorticity for (a) round and (b) fractal jet (TPIV
data, Req = 10,000).

Figure 3.9: Instantaneous (a) streamwise and (b) radial vorticity for the fractal jet (TPIV
data, Reg = 10,000).
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3.4 Noncircular geometries’ axis-switching

As mentioned in the previous section, wy was found to move inwards towards the jet
centre along the major axis in fig. 3.6b, whilst the opposite took place along the minor
axis. This suggested the presence of a phenomenon called “axis-switching”. The latter,
where the major axis of the jet shrinks as the minor one expands, has been found before
to be linked to the behaviour of w, and wy. It has been previously reported for square jets
(Quinn, 1992a; Zaman, 1996), but it has not been observed for jets where the coherent
structures were suppressed due to, for example, the fractal geometry. A first observation
can be drawn from fig. 3.5b, where it is observed that the regions of high vorticity across
the major axis are moving towards the jet centre compared to the exit geometry, while the
ones across the minor axis are expanding away from the core. Further, axis-switching is
identified for both square and fractal geometry in fig. 3.10a at /D, = 0.6 and 2/D, = 2.3
respectively, where the jet half-width imaged across the major axis becomes smaller than
the one at the minor axis. This may somewhat imply that this phenomenon is not

influenced by the state of the coherent structures.

The different location of the crossover could be due to the different A& of the two non-
circular geometries. Quinn (1992b), testing rectangular jets of varying AR, found that
increasing the aspect ratio moved the location of the crossover further away from the jet
exit. Here, it seems this may be the reason for the present study, since the fractal jet,
that has the crossover point the farthest away from the jet exit, also has the highest 4.
This phenomenon has been found before for various noncircular jets and it was explained
through the contribution of wy (Hussain and Husain, 1989) and w, (Zaman, 1996). The
former was mainly linked to the different induced velocity between the major and the
minor axes across an elliptical vortex ring, leading to the faster segments curling up and
protruding from the jet core. For the fractal jet at issue, however, this is not found to be

the leading cause of axis-switching due to the break-up of the azimuthal vorticity.

The study of Zaman (1996), who tested rectangular jets fitted with tabs alternatively on

the major or on the minor axes, suggested that axis-switching would take place only if
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Figure 3.10: (a) Jet half-width 7/, for various jets. The location of the axis-switch of
the noncircular geometries is shown by a dashed line (Reg = 10,000 and LPIV data).
(b) Mean streamwise vorticity w, at /D, = 2 and Res = 10,000 (TPIV data). The
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Figure 3.11: Schematics of the jets fitted with tabs that promoted and halted axis-
switching (Zaman, 1996).

the non-circular geometry emitted regions of opposite-signed streamwise vorticity with
the signs as in fig. 3.11b, where flow would be injected towards the jet centre, thereby
shrinking the major axis. However, if the signs of the streamwise vorticity were as in
fig. 3.11a, the flow would be ejected towards the ambient and therefore axis-switching
would not occur. As shown in fig. 3.10b, the fractal geometry generates regions of opposite-
signed streamwise vorticity, whose direction makes them inject fluid towards the jet centre,
indicating that for this jet the w, dynamics is likely responsible for the axis-switching.
Of course, w, does not exclude a relevant contribution of wy too, since its asymmetrical

distribution could also be responsible of this phenomenon. However, the streamwise
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vorticity certainly plays the key role of shrinking the major axis, allowing this phenomenon
to take place. The streamwise location of the axis-switching appears to be due to the

aspect ratio of the jet rather than being linked to the vorticity.

Having established the difference state of coherent structures between round and fractal
jet, the entrainment and mixing performances and the subsequent evolution towards the

far field of the jets are analysed in the next chapter.
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Chapter 4

Jet evolution due to coherent

structures

The results presented in this chapter are published in Breda and Buxton (2017) and Breda
and Buxton (2018b).

4.1 Delay of development of jet properties

Having established that differently from the round and square jets, the fractal geometry
leads to a break-up of the coherent structures, now the evolution of the jets is evaluated.
This is first done by evaluating the mean length of the potential core for the three jets,
defined as the region where the streamwise fluctuations /, are an increasing function of
x at the jet centreline. As shown by fig. 4.1, it can be seen that the reduction in !,
for the fractal jet relative to the round and square jets is due to the extension of the
potential core length. In fact, the location of the peak turbulent fluctuations is pushed
further downstream from /D, = 6 (round and square jets) to z/D, = 9 (fractal jet). As
mentioned before in chapter 3, this suggests that the fractal jet reduces the energy content
in the coherent motions and produces a thinner shear layer that coalesces at the centreline

further downstream relative to the other two jets, thereby delaying the development of
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the jet’s turbulent properties.
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Figure 4.1: Streamwise r.m.s. of streamwise velocity fluctuations in the near field at
Reg = 10,000 (LPIV data). A marker is plotted every 5 data points to avoid clutter.

4.2 Rescaling streamwise distance into eddy turnover

times

As suggested by Hunt (1994), the turbulent structure of a shear flow is not necessarily
independent of the initial conditions, since the advection time for an eddy to travel along
the turbulent stream would be linked to its growing (or eddy turnover) time scale. Hence,
despite entraining irrotational (and therefore “memoryless”) background fluid into the jet
stream, the eddies would still be affected by the initial conditions, albeit this “memory” is
diluted by continuous entrainment. Fig. 3.1 and fig. 4.1 shows that the fractal geometry
has modified the flow physics in the near field, in particular by suppressing the large-scale
coherence embedded into the flow, thereby delaying the coalescence of the axisymmetric

shear layer. Therefore, these jet physics are now revisited in terms of the advection time
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Figure 4.2: (a) Number of eddies overturned in the time taken for the flow to advect
distance x, N,,, as calculated in eq. (4.1) from the shear layer (HW data), centreline
velocity (HW data) and characteristic jet velocity (PIV data) at Reg = 10,000. (b) N,
calculated with the mean velocity at the shear layer at Reg = 31,000 (HW data).

scale (which is a function of the mean velocity) compensated by the local eddy turnover
time (which is a function of the eddies’ velocity and length scales), defining a new quantity

N,, as

Advection time “ u,(§)
Ne — - = x—_ 5 41
. (7) Eddy turnover time /1 De Luw(§)UL(E) de (4.)

which illustrates the computation of the number of eddy turnover times undergone in the
time taken for the flow to advect distance x. Note that the integration commences at
x/D, = 1 since neither the velocity fluctuations nor the correlation is well defined in the
“top-hat” jet exit and the correlations and r.m.s. velocity fluctuations are calculated in
the shear layer, where the Kelvin-Helmholtz structures reside. From the hot-wire data,

the integral length scale £,, was estimated as

-
Loyz(x) = m(x)/o R(z,7)dr (4.2)

73



by integrating the autocorrelation of the velocity fluctuations, R(x,7), in time-delay T,

fromT=0toTr =T — o0

(4.3)

From a sensitivity analysis, it was found that 7 = 207’ (where 7/ is the time-delay at
which R(x, ) first crosses zero) was sufficient. The autocorrelation in time was then
converted into space by multiplying it by the advection velocity (i.e. the mean flow, U,)
assuming Taylor’s hypothesis. Regarding the choice of the location of the mean velocity
for eq. (4.1), various options are available. One is the shear layer, where the integral
lengthscale has been calculated, a second option is the jet centreline, whilst a third option
is the characteristic jet velocity wu,, later described in section 4.3. A comparison between
the effect of these different velocity scales is shown in fig. 4.2a. In general, the choice of
velocity appears to impact slightly the magnitude of N, , but not the trends. Since u,
and L,, were taken at the shear layer in the near field, the mean velocity was taken at

the same location.

The ratio N,, as a function of the streamwise distance x is evaluated at two Reg in fig. 4.2.
It is observed that the fractal jet develops the most slowly. This trend is accentuated
with increasing Reynolds number, with a stark difference in development rates between
the fractal jet and the round and square jets at Reg = 31,000. This is to be expected,
since a larger Reynolds number requires a broader range of length scales to dissipate the
turbulent kinetic energy meaning that the dissipative scales become smaller and the finest
details of the fractal geometry become, relatively, more significant. This indicates that
at sufficiently high Reynolds number the fractal jet develops more slowly than the round
and square jets, thereby delaying the development of some of the near-field turbulent
properties as hypothesised when considering fig. 4.1. Comparing N, at the major and
minor axes, the latter has higher values for both noncircular jets due to the smaller integral

length scale in the near field.
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4.3 Evaluation of entrainment and mixing
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Figure 4.3: Volume flux evolution in terms of = (a), N, (b) and compensated by the
initial volumetric flow rate (c¢) at Reg = 10,000 (LPIV data). The mean value between
the major and minor axes at the same streamwise location is shown in magenta and yellow.
A marker is plotted every 10 points. Note that N., = 0 corresponds to the streamwise
location z/D, = 1.

Suppressing the near-field coherence has previously proven to significantly affect the en-
trainment and mixing of background fluid into a jet (Brown and Roshko, 1974), and

thus the jet’s evolution towards a self-similar state. Entrainment may be studied through

consideration of the volumetric flow rate of the jet, Q*, as a function of =

Q*(x) =27 /ORO U,rdr, (4.4)

where Ry — oo is the location at which U, = 0. Here, due to the finite size of the
experimental field of view, the location where U, =~ 0 could not be reached. Hence, the
integration is performed up to the radial location Ry at which the mean radial (inwards)

velocity U, is 1% of the streamwise centreline velocity Uy,
U, (z, Ry) = 0.01U 4(z), (4.5)

which allows including a wider portion of the jet compared to the threshold used by van
Reeuwijk and Craske (2015), where the integration was performed up to the point where

the mean streamwise velocity U, was 2% of the mean centreline velocity. The volume flux
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Figure 4.4: (a) Entrainment parameter « as a function of x for the various jets at Reg =
10,000. (b) Streamwise spatial gradient of the volume flux as a function of N, for the
various jets (LPIV data). Note that N,, = 0 corresponds to the streamwise location
x/D, = 1. One marker is plotted every 10 data points to avoid clutter.

@Q*, compensated by its value at the jet exit @, has been used to compare entrainment
performance in various studies, including Grinstein (2001) amongst others. However,
the normalised volumetric flow rate trends can be affected by the choice of the reference
volumetric flow rate, since the noncircular geometries will have different values between

major and minor axes depending on the aspect ratio.

It is shown that the major axis of the non-circular geometries always sustains a lower
normalised volumetric flow rate than the round jet in fig. 4.3a. However, when calculating
the geometrical mean between minor and major axis the fractal jet shows the highest (Q*,
whilst the square jet shows the lowest. These findings are consistent with Cafiero et al.
(2015), where a jet equipped with a space-filling fractal square grid (that suppressed the
large-scale coherence) had a higher normalised volumetric flow rate compared to a round
jet. It can be seen in fig. 4.3b and fig. 4.3c that the fractal jet has a higher normalised
volumetric flow rate than both the square and round jets, whichever normalisation is

chosen for Q*, when plotted against N, (extracted from the HW data). Fig. 4.3c suggests
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that when scaled by the constant D?U, and plotted against N, the volumetric flow rates
are initially higher for the non-circular jets; however after 3-4 N, the QQ* of the various jets
seem to increase at a comparable rate. Moreover, this appears to take place between the
major and minor axes of each noncircular jet as well. Hence, it is hypothesised that after
an initial development region where the initial conditions play a key role, the different

jets entrain fluid at the same rate, well ahead of reaching the self-similar state.

The local rate of entrainment into the jet is better examined through the streamwise spa-
tial gradient of the volume flux @), which differs from @* by a factor of m. van Reeuwijk
and Craske (2015) derived a series of relationships describing the mean local entrain-
ment dQ)/dz in terms of a characteristic jet width, a characteristic jet velocity and an
entrainment parameter o

Q)

i 207 Uy, (4.6)

Here, the Richardson number R: has been set to zero, to make the original equation valid

for a pure jet.

The entrainment parameter « includes a contribution from the volume flux but also
contains contributions from the production of turbulent kinetic energy and the energy

flux as outlined in (4.7) and is consistent with the entrainment model of Kaminski et al.

(2005).
5, O d
o = _Q’V_m +—2A/[1/2%(hl’ym) (47)
production shape

The constituent terms of o are given in table 4.1 and the integrals are again performed

up to radial location Ry as defined in (4.5).

Fig. 4.4a shows « as a function of x and it can be seen that once the momentum flux,
energy flux and turbulence production are taken into account, the suppression of the
coherence due to the fractal geometry leads to a reduced entrainment parameter relative
to the other jets. The initially negative o for the round and fractal jets (major axis), is
primarily due to the initially decreasing energy flux for the former and due to the integrand

of the turbulence production for the latter. Moreover, the entrainment parameter is an
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Table 4.1: Table of terms used to calculate the entrainment parameter «

Term Equation

Mean Volume Flux Q=2 fORO U,rdr

Mean Momentum Flux M =2 fORO mQTdr
Characteristic jet width T = %?/2

Characteristic jet velocity Um = o

Mean Turbulence Production 9, = uéfrm fORO W%—?Tdr
Mean Energy Flux Vi = u%fr% fORO T rdr
Entrainment parameter a= —% + 5 ]\ﬁ =L (Inv,,)

increasing function of z for all jets tested. van Reeuwijk and Craske (2015) show that a
value of o = 0.08 is typical for self-similar axisymmetric jets, and fig. 4.4a suggests that
all jets tested are tending toward a comparable value. Fig. 4.4b shows dQ/dz, calculated
according to (4.6) as a function of N.,. It can be seen that whilst « and the different jets’
shape parameters u,, and r,, (not shown for brevity) vary differently from one another
in terms of streamwise distance, x, once combined and scaled according to the number
of eddy turnover times all three jets tend towards the same trend. Whilst there is a
significant variation in the near field, where the influence of the large-scale coherence
is known to be largest (Townsend, 1966), it is suggested that the suppression of the
coherence by the fractal geometry may only have a small impact on the jet’s evolution
after =~ 3 —4N,,. In fact, at Reg = 10,000, all jets are found to eventually spread at the
same rate, over the streamwise region probed (x/D, < 26) as shown in fig. 4.5b, whilst
at Reg = 3,000, where the effect of the coherent structures is much more significant, the
round jet grows at a slightly faster rate compared to the non-circular jets as shown in
fig. 4.5a. This can perhaps be attributed to the greater significance of engulfment events
at lower Reynolds number, due to the more dominant large-scale coherent structures in
the transitional region (=~ 3 — 4N, ) of greater streamwise extent than for the higher
Reynolds number jet. Yule (1978) shows that entrainment is dominated by engulfment

in the near field of axisymmetric jets.
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Figure 4.5: Spreading rate drys/dx of the various jets at (a)Reg = 3,000 and Reg =
10,000 (Breda and Buxton, 2017). Trend lines are shown in magenta and one marker is
plotted every 10 points to avoid clutter (LPIV data).

4.4 Time-averaged Momentum Equation
The development of the jets is examined in terms of the time averaged momentum equa-

tion (TAME) split into the radial (4.8) and streamwise directions (4.9), as in Chao and

Sandborn (1966).

U, —oU, o2 1 — —_ Ouu,
r r r Y ) rr_
Ur or + U ox + or +r(ur up) + ox
10p 02U, 10U, U, o,
por V(@ﬂ ror 2 8332) (48)

oU, —0U, Oty Wi, | Oul
+ + + =

UTW +Ue ox or T ox

1 op 0’U, 100, 0*U,
e - 4.
p8x+y< or? +T or - 8:152) (4.9)

The data are taken from the same streamwise interval (2—5D,), however they are plotted

in terms of number of N, (extracted from the HW data). Three non-negligible radial
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Figure 4.6: Terms of (4.8) for the various jets in the shear layer, where the near-field
coherent motions reside at Reg = 10,000 (HPIV data). One marker plotted every 20
points to avoid clutter. The location of peak u/ (z) is chosen to locate the shear layer.

terms in the near field only of the radial TAME (4.8) are presented in fig. 4.6. The terms
U,0U, 0z, 0u2/dr and the residuals are observed to differ between the various jets only
up to N., ~ 3 — 4, after which they follow comparable trends. Further, after an initial
development the terms of the noncircular exits appear to tend to zero similarly to the
round jet. This indicates that the non-circular jets transition to an axisymmetric state, in
which the mean radial momentum evolves in a comparable fashion to the round (initially
axisymmetric) jet. This finding mirrors that of Nedié et al. (2013a), who showed that the
wakes generated by square and fractal plates also tended rapidly towards axisymmetry
after an initial transition period. The role of the fluctuations is found to be minor com-
pared to the mean velocity gradients in terms of magnitude, which are counterbalanced by
the residuals (i.e. the pressure gradient). We now conclude that the streamwise distance
at which this transition starts to take place scales with the distance advected for a fixed
(~ 4) number of eddies to overturn. This resembles the time required for the local en-

trainment rate (0Q)/0x) to adjust to a similar trend between the three jet configurations.

Clearer differences between the various jets are, however, found for the terms of the
streamwise TAME (4.9) as shown in fig. 4.7 and fig. 4.8. The terms evolving radially,

gty /r (fig. 4.7b) and U,0U,/Or appear to be tending towards a comparable trend after
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Figure 4.7: a) Ux% along the centreline and (b) w,w,/r in the shear layer at Reqg =
10,000 (HPIV data). One marker plotted every 20 points to avoid clutter.

N., 2 4. However, the region of space probed for U,0U, /Or is insufficient for all of the jet
configurations to reach N., = 4 and hence the low-resolution PIV data was used to verify
that all the jets did indeed converge to a similar trend. Since even the low-resolution PIV
field of view is too small for the autocorrelation function of u, in the xz-direction to reach
zero, and hence calculate £,,, a new quantity N, _ is defined which is again analogous to
the total number of eddies overturned in the time taken for the fluid to advect distance x.
This relied upon computing a spatial autocorrelation function of u, in the radial direction

r with increment v
(ua (@, 1)ta (z, 7 + 1))
ul(, r)ug(z,r + )

Ry r(z,7,9) = (4.10)

For the same reasons as previously, the correlation function was computed in the shear
layer in the near field (radial location of maximal u/(z)), before transitioning to the
centre line downstream of the location of maximum wu/, along the centre line. Since the
two-point correlation from the PIV data is not radially symmetric at the shear layer, L.,

was calculated by averaging both sides, i.e. between the correlation in the direction of
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Figure 4.8: (a) O(uzu,)/0r along the centreline and (b) UT% along the shear layer as a
function of N, calculated for the various jets at Req = 10,000 (HPIV data).

the jet core and in the direction of the background (co-)flow

!

Lurla) = / R 0)d0s (4.11)

Since the field of view was finite, the integration was truncated at the locations of the
first zero-crossing (in either direction), 7, This choice, when considering a limited field of
view, has been validated as the best option for PIV data by the study of Nicolaides et al.

(2004). N, could then be calculated according to

x

Ner (I) - 1De £W(§)m(£)

de. (4.12)

The evolution of N,, with N, is shown in fig. 4.9b. It can be seen that N, is a monoton-
ically increasing function of N,, for all jets studied, giving us confidence that subsequent

results presented in terms of N, are indeed analogous to the those in terms of Ne,.

Fig. 4.9a shows that U,0U,/dr does indeed tend to the same trend (= 0) for all jets after

a sufficient number of eddy turnover times. The major and minor axes are opposingly
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Figure 4.9: Evolution of U,0U,/0r with N, for the various jets in the shear layer at
Req = 10,000 (LPIV data). One marker plotted every 20 points to avoid clutter. (b)
Evolution of N,, with respect to N, .

signed due to the initial tendency of the major axis to shrink and of the minor one to

expand. This was also observed for w,w, /r, although not shown for brevity.

Differently from the other terms, the third quantity of significance, U,0U, /0x shows no
such sign of converging to a common value between the three different jets and its devel-
opment certainly does not scale with the number of eddy turnovers. This indicates that,
despite the different geometry at the jet exit, all three jets evolve radially towards axisym-
metry and do so in a time scale that depends upon a certain number of eddy turnovers
(=~ 4). However, this is not found to be the case for the terms evolving in the streamwise
direction x. The terms in eq. (4.9) that include gradients in the radial direction thus also
tend to evolve in a similar fashion to one another (after this transitional region), regard-
less of the geometry at the jet exit, in order to facilitate this return to axisymmetry. The
alteration of the initial conditions has the largest effect on the streamwise development of
the mean flow, and not that of the velocity fluctuations. These observations are reinforced
in fig. 4.8 which shows example terms from the streamwise TAME calculated along the

jets’ centre line as a function of N, . The term U,0U,/0x can be seen to behave differ-
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ently between the various jets whilst the term U,0U, /Or can be seen to collapse onto the

same trend, for all of the jets tested, after ~ 3 — 4 eddy turnover times.

Based on the available literature, an order of magnitude analysis is now conducted to
evaluate the expected value of some the terms of the TAME, which are non-negligible in
the far field. Based on the work of Pope (2000), the following relationships are expected

at the jet centreline:

—0U, d
:1—/22<Ux . ) - —% ~ —0.09 (4.13)
UCl T X
8 xYr
D2 et 0.0 (4.14)
U, or
ou2
D2 o 0014 (4.15)
U, Oz

cl

Further, based on the work of Hussein et al. (1994), who measured the far field of a round

jet emitted by a nozzle, it was derived from the self-similar profiles that at the shear layer:

T1/2 Ug Uy
—2

U T

cl

~ 0.03. (4.16)

Finally, an estimate for U,0U,/Or at the shear layer can be found by starting from the
definition of a self-similar profile f(p) based on the constant o and the compensated radial

distance p:

r

0= XX (4.17)
V2—1
flo)=(1+a*)™ (4.19)

Based on the definition of 719 and after some manipulation, the following relationships

can be derived:

712 OU, drijs  —4op
— = — . 4.20
U, Or dr (14 ap?)? (4.20)

Based on the self-similar profile of U,(Hussein et al., 1994), it can be estimated that at
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the shear layer:
20U

—5 Ur

~ —0.012. (4.21)
U

cl

Other non-negligible terms throughout the entire development of the jet, up to a distance
of /D, = 26, are the pressure terms which, together to wugy, could not be computed
directly from the 2D planar PIV data and could thus only be derived from the residual
of the balance of the various terms. The remaining terms of the TAME equations were

found to be negligible.

In order to study the trends of the quantities described above in the near field, first the “far

field” between z/D, = 23 — 26, where such trends are expected, is examined. As shown
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Figure 4.10: Variation of (a) du2/dx and of (b) Tz, /r. The expected far-field trend is
shown by a red dashed line. (HPIV data, Res = 10,000)

in fig. 4.10, 8u_§,/ Oz and wgu, /1 are approaching the trends expected in the “far field”.
The same behaviour is found in fig. 4.11, where U,0U, /0x, U,0U, /Or and dtgu,/Or are
also approaching their “far-field” trends, however it is suggested that x/D, = 26 is not
enough far away from the jet exit for the turbulent flow to become self-similar at all scales,
even though the same “far-field” trends are being approached by all jets, independently

of their initial conditions.
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Figure 4.11: Variation of (a) U,0U,/dz, (b) U,0U,/dr and (c) duzu,/0r. The expected
far-field trend is shown by a red dashed line (HPIV data and Req = 10, 000).

Having looked at the trends reached at z/D, = 26, now the near field is examined, to
evaluate how an axisymmetric jet evolves to such trends. Neglecting the pressure gradient,
which is inferred from the residual of the balance of terms, the magnitude of some of the
terms in the near field is compared to their far-field prediction. As discussed, U, (0U,/dx)
is expected to vary as the spreading rate of the jet in the far field, however near the jet
exit (fig. 4.7a) this term does not yet reach drys/dx, but values around -0.04. This is
to expected, since the gradient of the mean velocity will be lower at this location due
to the fact that the jet still has a potential core (where the streamwise velocity will
be approximately constant) and a low /o (since the jet is just starting to spread). This
argument also applies to duZ /dx, which is found to be approximately 10% of the predicted
“far field ” value. The term w,u, /r appears to approach 0.01 at the shear layer (fig. 4.7b),
whilst a value of 0.03 is expected in the far field. This is due to the fact the jet is in a
state of turbulent production; hence the fluctuations still need to grow with respect to the
centreline velocity. Moreover, 71 is still relatively small whilst U, is relatively high since
the region probed is close to the jet exit. The same argument relates to d(u, 1, )/0r, which
is found to approach 0.02 rather than 0.05 (fig. 4.8a). Finally, U,0U, /0r is evaluated along
the shear layer (fig. 4.8b). It is found that only the round jet is close to the predicted “far-
field” value of -0.012. The noncircular jets, imaged across the major axes, initially show

a positive decreasing trend since, due to axis-switching, the radial velocity is pointing

36



towards the jet centre. The opposite takes place for the noncircular jets imaged across
the minor axes, which initially show a very high magnitude, which then decays towards

the value of the round jet.

4.5 Self-similarity and microscales

It was shown that despite the fractal geometry strongly influencing the coherence in the
near field of the jet, and subsequently the entrainment and mixing of background fluid into
the turbulent stream, all three jets have a tendency to evolve to an axisymmetric mean
state. Indeed for at least the past century it has been assumed that such turbulent shear
flows will evolve to a self-similar state with many researchers, since the work of Townsend
(1976), stating that these flows achieve a self-similar state by becoming asymptotically
independent of their initial conditions. However, more recently George (1989) has argued
that there is a link between the self-similar state of a flow and its coherence which naturally

leads to an examination of the evolution towards self-similarity for the three jets at issue.

Self-similarity requires normalisation of the jet’s one-point statistical profiles with a rele-
vant flow statistic and length scale. Let’s, as an example, consider the streamwise mean
velocity profile at a given x location, U, (z,r). “Classically” one would choose the mean

centre-line velocity Uy and the jet half width r; /2, defined as
U, (z,71/2) = 0.5U (). (4.22)

The subsequent analysis follows from George (1989) and the reader is referred to the

original work for the full set of equations. The following self-preserving forms of some
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important terms of the turbulent kinetic energy equation are written as follows:

Po= r/rya(z) (4.23)

U, = Ual2)f(7) (4.24)

T, = Ry(2)gia(f) (4.25)

@ = Kx)k(7) (4.26)

—(pu +%q2u7~) = Ty(z)t(7) (4.27)
e = Dy(x)e(?). (4.28)

Here ¢2 is the turbulent kinetic energy per unit mass, p is the pressure and Kj, T, and
Dy are the normalisation scales (along the centreline) for turbulent kinetic energy, third

order moments and dissipation rate analogous to U, for the mean velocity.

The turbulent kinetic energy equation, reduced to second order, may be stated as

— 92| —0¢ 10 . ) .
UT% +Ur 87’ - |"I“ 8T‘T(pur + q ur):| 81,(17”7* +q um)
ou,| —oU, —oU,
_ X _ 2 X _ 2 T _
[uxur 5 U T U [e]. (4.29)

Only the terms in square brackets are considered in the following analysis, whilst the
others are neglected. The self-similar forms are now substituted into the turbulent kinetic

energy equation yielding

. — Kgdryp] L, T, 1 (7t) U. ,
[U K fk — [Ud ”ﬂrfk =[ ]( . [RS ’]gl/gf — [Dde.  (4.30)
1/ T1/2

Dividing through by K,U, /r1/2 it is found that

T1/2K; . drl/? Ny Ts (ft)/ Rs Y Dsrl/Z
o e | s fis _ |2, 431
|: KS 1fk |: dx :|Tfk |:KSUCI:| T " KS gl?f KsUcl ‘ ( 3)

In order to have a self-similar form, all the terms in the square brackets must have the
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same z-dependence. In particular

dT’l/Q - T’l/gK;

4.32
dx K, ( )

Now, George (1989) used the constant momentum flux, M, for an axisymmetric jet

(Hussein et al. (1994)) to link Uy to ry/s via

U= BMy*ri} (4.33)

ie. Uy~ rl_/12 In fact, the constant momentum flux in the jet requires (George, 1989)

Ug~x® 119~ z (4.34)

in which a = —1 and b = 1 (as widely reported in Tennekes and Lumley (1972)). Under

the further assumption that K, ~ UCIQ it is derived that
Ko~ Us~rih, (4.35)

We may now re-write (4.32) as

d K' rier
2;/2 ~ Tl-/;(s s Y 21/2 ~ constant. (4.36)

T1)2

(4.36) shows that the spreading rate of the jet must be a constant and since self-similarity
requires that all the terms in square brackets of (4.31) have the same z-dependence it is

inferred that
(17“1/2 N Ds7’1/2
dr KsUcl

~ constant. (4.37)

Now, a further assumption is adopted from George (1989) to go alongside the assumption
that K, ~ Uclz, namely

‘Cur ~T1/2 (438)
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If these assumptions are inserted into (4.37), it is found that

Dy L
L2 B onstant (4.39)
KsUcl q3

i.e. C. = constant. Note that this constancy of C. depends upon three assumptions

U, ~ K, (4.40)
Eur ~ T1/2 (441)
e = Dg(x)e(r). (4.42)

If assumptions (4.40), (4.41) and (4.42) are observed to hold then it may be predicted the

z-dependence of the dissipation using (4.34) and (4.35) as

KSUCI —4
~ I .

T1/2

Dy =¢n~ (4.43)

Note that if (4.42) is observed to be valid but (4.40) and (4.41) are not valid then the

definition of C. in (1.1) may be used to instead write
Dy (4 1

constant = — ~ (}

Ks Ucl Ucl ‘C

(4.44)

in which case it is possible that C. # constant if the other two ratios in (4.44) vary
spatially. Note that if only some of the terms in (4.31) vary in an identical fashion in x,
i.e. Uy or R, but not others then it would be possible for the jet to appear self-similar (in
a less restrictive sense, i.e. the mean velocity profiles or Reynolds stress profiles appear
self-similar whilst the dissipation does not) whilst C. # constant. Given the seemingly
ubiquitous nature of non-equilibrium dissipation in a multitude of turbulent shear flows,
this section of the chapter will be used to seek such a less-restrictive weakly self-similar

region of the flow in the explored domain z/D, < 26.

First, the evolution of the jet centreline velocity for all three different jets is considered

at both Req = 3,000 and Ree = 10,000 in fig. 4.12, where U, is premultiplied by z so
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that a self-similar behaviour will be identified by a straight horizontal line. In the figure,
the streamwise distance accounts for the location of the jet’s virtual origin x( since, as
discussed by Hunt and Kaye (2001), it proved to allow a better modelling of the behaviour
of plumes under the assumption of a point-source. Fig. 4.12 verifies that the exponent
a — —1 with increasing x, as required by (4.34) for a jet approaching a self-similar state.
As discussed previously, at the lower Reynolds number, the round jet shows a slightly
higher spreading rate than the fractal jet, as shown in fig. 4.5. At the higher Reynolds
number the spreading rate is comparable between the jets, however due to the different
location of the virtual origin (if one assumes the jet to emanate from a point source of
momentum) the round jet is always wider in the far field than the fractal jet, due to their
different state of coherence in the near field. Thus, at a sufficiently high Res, it can be
seen that the jet’s spreading rate reaches a constant value. It may be argued that at this
Req > Reg crir. In a sense the jets’ large scale properties have become “memoryless” of the
initial conditions after a certain number of eddies have been overturned (N, ), suggesting
that at high enough Reynolds number the spreading rate of the jet is independent of
the initial conditions, as hypothesised by Townsend (1976). At Reg = 3,000, the higher
spreading rate for the round jet does not contrast with a — —1 and b — 1. In fact,
as suggested by George (1989) and Wygnanski et al. (1986), different growth rates can
coexist with the same self-similar power laws if one considers self-similarity as a multi-
scale phenomenon. Therefore, despite the different exit geometries leading to different

spreading rates, this does not translate into different scaling exponents.

It is now necessary to determine the correct scaling quantities for the single-point statistics
and at which downstream locations the mean momentum/Reynolds stress profiles become
self-similar. In order to do so, the radial profiles of the mean velocity and of the Reynolds
stresses compensated by a specific flow quantity are examined for the three jets. As
previously suggested by the approximately constant centreline velocity in fig. 4.12 and
by the radial profiles of U, in fig. 4.13, the streamwise centreline velocity reaches self-
similarity at approximately z/D, = 12. Regarding the Reynolds stresses, two approaches

are followed to evaluate their self-preservation: the “classical” one (i.e. normalising the
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Figure 4.12: Centreline mean streamwise velocity as a function of x (LPIV data). The
velocity is multiplied by x so that the self-similar state will be shown by a constant
horizontal trend. Only 10% of the points are shown to avoid clutter.
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profiles by the mean centre-line velocity U,) and a “local” one (i.e. normalising the
profiles by a local value of the Reynolds stress). In fact, as shown by Dairay et al.
(2015), the Reynolds stresses of an axisymmetric wake collapsed to the same self-similar
profile earlier if normalised by a local quantity than if normalised by the classical method
(centre-line velocity deficit) due to flow anisotropy. Therefore, (Ui, )mas is defined as
simply the arithmetic mean of the magnitude of the two peak values within the Reynolds

stress profiles of the axisymmetric jets.

As shown in fig. 4.14 the radial profiles of u,w, are found to be self-similar from x/D, = 19
when collapsed with local quantities and later around x/D, 2 21 in terms of Uiz- Self-
similarity in the strictest sense is only achieved when the ratio between (U, )maez and Uz,
becomes constant, however this does not occur in the region of the flow studied. We thus
conclude that the argument of Dairay et al. (2015) is found applicable to axisymmetric
jets in addition to axisymmetric wakes. This is the explanation for using the “local”

approach to normalising the Reynolds stress profiles in (4.25).

Having established that all of the jets reach a self-similar state (at least in terms of the
mean velocity and Reynolds stress profiles) and that the scaling exponents a and b of
(4.34) are those predicted according to the analysis of George (1989) it is now examined
whether the assumptions (4.40) and (4.41) hold. Fig. 4.15a shows the ratio K /Uzl, whilst
fig. 4.15b shows the ratio Eur/rl/g in the region 23.5 < 2/D, < 26. Both ratios remain
constant (to within experimental uncertainty) over the region of space examined and thus
verify assumptions (4.40) and (4.41) introduced previously. It is interesting to note that
in both figures, but more so in fig. 4.15b, the round and square jets are closely grouped
with one another whilst the fractal jet appears offset from the other two. In particular the
ratio Ly /712 is larger for the fractal jet, which is due to the different state of coherence

in the near field.

Now, the dissipation in this far-field region of the various jets is directly considered. The

calculation of this quantity has been done in different ways due to the lack of 3-dimensional
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Figure 4.15: (a) Dissipation and (b) 7,2/ KU, as a function of z for the far fields of the
various jets at Req = 10,000 (HPIV data).

-8
6% 10
Round
Square
: 55 Fractal

21’:.5 2I4 24I.5 2I5 25I.5 2I6 26.5 23.5 2I4 24I.5 25 25I.5 2I6
(CC — CEQ) De (ZL' — ZB())/De
(a) (b)
Figure 4.16: (a) Dissipation premultiplied by (z — xo/D,)* (top), premultiplied by (z —
zo/D.)? (bottom) and (b) ry/2/ KUy as a function of z for the far fields of the various
jets at Reg = 10,000 (HPIV data).

95



data for the complete equation

Gui 8ul 8uz 8Uj
= . 4.4
- Kd% 53?j> i <3Tj O >] 4

The assumption of local isotropy has often been used to significantly simplify eq. (4.45)

2
Eisotropic — 15V< (%ﬁ:) > (446)

However, this assumption has often not been found applicable in laboratory experiments

and it is usually only applied to very high-Reynolds-number-flows. As discussed by George
and Hussein (1991), the ratios between the velocity gradients K and K3 should be as

follows

(3 )/{(%))
() /()

if the flow was truly isotropic. In general, values of K; ~ 1.6 and K3 ~ 1.4 were found,

indicating the isotropic assumption would not be applicable to this work. A more rigor-
ous approach has been done by Burattini et al. (2005a), who derived an expression for

dissipation for homogeneous flows that suited their cross hot-wire measurements

e =30 ((52) ) +2( (52))] (1)

However this expression still relies on the strong assumption that the statistics of the field

are independent of the location of the origin in space (George and Hussein, 1991). An
alternative way of calculating dissipation was discussed by George and Hussein (1991),
assuming local axisymmetry (i.e the statistical measures have rotational symmetry around

the streamwise axis x, which is applicable to this case since the jet is axisymmetric)

(G ){5)) {3 (B oo
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The reader is referred to the original work of George and Hussein (1991) for the complete
derivation of (4.50). Compared to eq. (4.49), the assumption of local axisymmetry is
applicable since both mean velocity and Reynolds stresses have reached an axisymmetric
self-preserving state. An alternative form of (4.50) was used by Ganapathisubramani
et al. (2007) to estimate the dissipation in the far field of an axisymmetric turbulent jet,
of similar dimensions and Reg to ours. The authors found their estimate was within
5% of the value e calculated using all nine components of the velocity gradient tensor
determined in their time-resolved stereoscopic PIV measurements. The latter quantity
was shown to scale with one calculated assuming local isotropy, €;s, even though the

authors found that ¢;,, was an underestimate of e3p.

Due to the inherent noise present in the measurements of the velocity gradients, the
locally axisymmetric dissipation estimate was corrected using the method of Tanaka and
Eaton (2007). The authors calculated the dissipation rate from a coarser stencil (e9a5)

and compared it to their fully resolved measurements (eap,) as

= —4%’13_ = (4.51)

which allowed correcting for errors attributed to the sub-pixel discrimination algorithm
in the PIV processing. This correction led to a spatial resolution in this region which was
always < 3.77, usually considered to be sufficient to resolve dissipation in turbulent flows

(Worth et al., 2010; Buxton et al., 2011a).

Premultiplying the plot in fig. 4.16a and following the argument of Hunt and Kaye (2001),
shows that the dissipation does not follow a classical scaling € ~ z~* required by (4.43)
(fig. 4.16a), but € ~ x®, where o ~ —3 for all three different jets within experimental
uncertainty. Despite the distance sampled only being approximately 4D, growing pre-
multiplied dissipation has been found in previous studies too, a short summary of which
is reported in section 4.6. Fig. 4.16b shows the z-dependence of 75/ K U, which is the
grouping that normalises Dy (i.e. €) in (4.37), pre-multiplied by x=*. Since assumptions

(4.40) and (4.41) have been experimentally verified in fig. 4.15a and fig. 4.15b respectively,
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and since it was verified that Uy ~ 27!

in fig. 4.12 and 7y ~ « (fig. 4.17), it is natural to
observe the horizontal line for all three jets. Note also that the round and square jets are
grouped together whilst the fractal jet is alone, which is another indication of the effects
of the suppression of the coherent structures in the near field. We therefore conclude that
the rate of dissipation is not behaving in a way that is expected from the “classical” anal-
ysis. The fact that the assumptions (4.40) and (4.41) are observed to hold whilst £ does
not vary in x in the same fashion as 75/ KU, shows that assumption (4.42) is in fact vi-
olated. Hence, this particular region of the jet (23.5 < x/D, < 26) exhibits self-similarity
for the mean velocity and Reynolds stress profiles but not for the dissipation rate. As

discussed previously, under such circumstances it is possible to observe C.(x) # constant

behaviour.

(1.1) defines the dissipation coefficient using ¢* = ?3/2 and L. For the aforementioned
reasons it is chosen to use L,, from the HPIV data. We do not have access to all three
components of the fluctuating velocity and hence it is not possible to directly compute
q = ?1/2. Instead, due to axisymmetry, it is assumed that the r.m.s. of the radial

component of the fluctuating velocity normal to u, and u,, uj = w,. and hence estimate ¢
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via g2 = m We subsequently plot the ratio u/,/q as a function of x in fig. 4.18a and
observe that it remains constant over the region studied for all three jets. To avoid the
assumption uy = u,., and so that a dissipation coefficient from the hot-wire data (in which
only one component of fluctuating velocity is available) may be computed, the dissipation

coefficient is derived as

_ Ly,
Coprv = — 3

Uy

(4.52)

Fig. 4.18b shows the dissipation coefficient, as defined in (4.52), plotted against Re;f1
for all three jets for which the global Reynolds number Res = 10,000. Each point on
the graph corresponds to a streamwise location in the region 23.5 < x/D, < 26. For
a self-similar jet under classical “dissipation”, Re,, = constant. Hence, it is expected
that plotting C. against Reg ? /Rey, for a single Reg, a constant point value should be
approximated. However, it can be seen that Rey, varies in space and the dissipation
coefficient is found to scale in a linear fashion with Re;\fl, as might be expected if the
non-equilibrium dissipation law is found to hold over this region of the flow. Despite

the well-known difficulty in experimentally measuring dissipation a straight line may be
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fitted to the data with a correlation coefficient of p,, ~ 0.71, giving confidence that the
measurements are not effectively a single point value. From the following property of the

Taylor microscale

2
u

A2~ 4.53
JY (4.53)

it is found that the consequence of assuming that both the dissipation profile is self-
similar, i.e. € ~ 7% and o/ ~ Uy ~ x~ ! is that A ~ x. As a result it is derived
that Rey, = u,\;/v = constant in the self-similar region of axisymmetric jets, as widely
reported in Tennekes and Lumley (1972) for axisymmetric jets. The consequence of
e ~ 2%, where a # 4 is thus that Rey, must vary in space and it is shown from fig. 4.18b

that C. varies as an inverse function of Re,,.

In order to verify that this is indeed non-equilibrium dissipation of the form C. ~
Reé/ 2 /Rey, it is necessary to similarly vary the global Reynolds Reg. Due to the dif-
ficulty of making accurate measurements in the far field of the jet flow, where U, is
significantly smaller than at the jet exit, and the necessity that Rey, 2 140 (Re,, 2 100)
in order to observe non-equilibrium dissipation effects (Goto and Vassilicos, 2015) a final
set of experiments was carried out at Reg = 31,000 via hot-wire anemometry for com-
parison to the hot-wire data at Reg = 10,000. In comparison to the near field a slightly
different methodology had to be used to calculate the integral length scale, £,,. In fact,
at Req = 10,000 the flow velocity was < 3m/s and this low speed was found very difficult
to be captured by hot-wire anemometry. Hence, an exponential fit, fitted to the velocity
fluctuation autocorrelation in the region 0.4 < R(7) < 0.8, was used to estimate the corre-
lation R(7) < 0.4 and this was appended to the empirical R(7) from the original hot-wire
data. The integral length scale was subsequently computed by integrating this compound
function R(T) between 0 and oo and converting time into space via Taylor’s hypothesis
in which U(z,r) was assumed to be the correct advection velocity. At Reg = 31,000,
this problem did not occur, however for consistency an exponential function was fitted to

R(7) in an identical manner.

£ was calculated assuming local isotropy (since only one velocity component was available).
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Figure 4.19: Ratio between dissipation calculated assuming local isotropy &;5, and assum-
ing local axisymmetry £,,; at Reg = 10,000 at the jet centreline (HPIV data).

The ratio between the dissipation rate estimated assuming local isotropy and estimated
assuming local axisymmetry, €;s,/€42i, from the high resolution PIV data is plotted in
fig. 4.19. It can be seen that the assumption of local isotropy leads to an underestimate
of the dissipation rate in comparison to the assumption of local axisymmetry with an
average value of the ratio €;5,/€42i = 0.94. However, the ratio is roughly constant for all
jets over the region sampled giving confidence that the behaviour of the dissipation may
be captured by making the assumption of local isotropy and applying it to the hot-wire
data. Moreover, comparable scalings for fig. 4.16a and fig. 4.18b were found under this

assumption but not shown for brevity. The longitudinal Taylor lengthscale was calculated

directly as \; = v/2u'/ <(3—;ﬁ)2>

The results of fig. 4.20, where £ was calculated assuming local isotropy, show that C. is
an increasing function of Reg * as well as Re;fl indicating the presence of non-equilibrium
dissipation for all three jets studied. The fractal jet, being the fastest in the far field, has
a lower uncertainty and shows the best collapse to the trend line computed from the two
values of Reg. This is concurrent with a fully turbulent flow, as shown in fig. 4.21, where
5/3

the one-dimensional energy spectrum, Fi;, has been pre-multiplied so that the f~

power law is shown by a constant horizontal line. This finding is consistent with the
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Figure 4.20: Rey, and C. at Reg = 10,000 (black) and Reg = 31,000 (blue) (HW data).

work of Dairay et al. (2015), who found “local” self-similar scalings and non-equilibrium
dissipation in the same region of a turbulent shear flow. The gradient of the two C. plots,
calculated from the hot-wire and PIV data, is not expected to be the same since the ratio

Lo/ Ly # 1 (Pope (2000)) and is a nonlinear function of .

Further experimental evidence of non-equilibrium dissipation were subsequently sought
in previous works, where the authors may not have been aware of it. Therefore, C. was
calculated from the work of Mi and Nathan (2010). The original authors calculated the
integral lengthscale £ from the autocorrelation (in time delay) of the streamwise velocity
fluctuations (deriving the integral time scale), truncating it at the first zero-crossing, and
converted it to space using Taylor’s frozen turbulence hypothesis. The dissipation rate
was calculated assuming the flow was locally isotropic as in eq. (4.46). As shown by
reproducing their data, Rey, is initially decreasing, however it becomes approximately
constant from z/D, = 25, in fig. 4.22a. Concurrently, C; is initially increasing (i.e. non-
equilibrium dissipation), however around C. = 0.65 a different trend is found. Therefore,
non-equilibrium dissipation is found for a wide variety of noncircular exit geometries,

suggesting it may be a universal feature for axisymmetric jets too. Further comments are
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Figure 4.21: Premultiplied energy spectra a /D, = 25 at jet centre-line, (HW data).

given in section 4.6. The presence of this novel dissipation law does not however conflict

with the previous findings suggesting that & ~ z7%.

In fact, as shown by Hearst and
Lavoie (2014), the dissipation constant for a grid-generated flow would initially grow (non-
equilibrium dissipation), however at a certain distance downstream C. would transition

to a constant value (“classical” disipation law). Therefore, it is possible that further

downstream of the jet exit a constant C. may be found.

To summarise, in a region of the flow of the jets, which from now on is defined as the
“weakly self-similar region”, the mean velocity and Reynolds stress profiles were observed
to be self-similar. Evidence that the dissipation in this far-field region is behaving in a
non-equilibrium manner are presented, but this presence of non-equilibrium dissipation
is shown only through the microscales of the flow, whilst the large-scale spreading rate
etc. shows the behaviour predicted by the “classical” theories. This is likely due to
the particular flow considered. Axisymmetric jets are, to first order, known to have a
constant momentum flux at each streamwise location x which is equal to the rate at
which momentum is added at the source (Hussein et al., 1994), leading to equivalent

predictions for the scalings of Uy and 11/ as in (4.34) regardless of which dissipation
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Figure 4.22: (a) Variation of Re,, with streamwise distance for an axisymmetric jet. (b)
Variation of dissipation constant. Data reproduced from the work of Mi and Nathan
(2010) for axisymmetric round jets emitted from orifices at Reg = 13,000 (based on the
current definition of D, ) and acquired with a hot-wire.

law is used. In previous shear flows where non-equilibrium dissipation has been observed,
axisymmetric wakes, this is not the case and the presence of non-equilibrium dissipation
has been marked by novel large scale exponents for the velocity deficit and wake width as
a power law function of z (Nedi¢ et al., 2013b; Dairay et al., 2015; Obligado et al., 2016).
Moreover, non-equilibrium dissipation was found irrespectively of the initial conditions
since it is present for all three jet types, with different states of coherence in the near field.
It is worth noting that the study of Hearst and Lavoie (2014) observed non-equilibrium
dissipation for the flow downstream of their repeating fractal element grid but found
that C.(x) transitioned back to the “classical” C.(x) = constant far-away from the grid,
which may be true for an axisymmetric jet as well. Through violation of assumption
(4.42) it is shown that whilst the mean momentum and Reynolds stresses are in a self-
similar state the dissipation is not, and this dynamical mismatch between the large-
scale turbulent properties and the microscales allows for the possibility of the dissipation
being out of equilibrium. This suggests that an axisymmetric jet may eventually return

to C. = constant and the classical ¢ ~ 2%, but this distance was not reached in the
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present experiments. This point was confirmed whilst reproducing the work of Mi and
Nathan (2010), where non-equilibrium dissipation was found too and C. & constant
further downstream. Now, a brief discussion on the classical dissipation and its previous

experimental evidence is presented.

4.6 Previous works on ¢ ~ 74

Various studies, George (1989) and Thiesset et al. (2014) amongst others, have analytically

demonstrated that complete self-preservation of a turbulent axisymmetric jet will lead to:

e~z t (4.54)

However, its experimental validation has posed significant issues to researchers, which can

be grouped into the following two categories:

e Initial conditions.

e Spatial resolution.

We will now examine each of these issues.

4.6.1 Initial conditions

This work has discussed the importance of the initial conditions in determining the rate
of evolution of an axisymmetric turbulent jet. It has been found that exit geometry and
Re¢ influence the development of the eddy turnover time parameter N. . Therefore,
when considering different initial conditions, each case should be treated separately since
they may be markedly different. An example where this was not done is in fig. 4.23. In
fig. 4.23a, the data published by Friehe et al. (1972) are reproduced in a similar manner

to the original work. Despite fitting a line of best fit on a logarithmic scale seeming to
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Figure 4.23: Reproduction of Figure 2 from Friehe et al. (1972). The markers represent the
following data: M unpublished work of LaRue and Friehe (1971) (Res = 18,000), e Friche
et al. (1972) (Reg = 106,000), ¢ Gibson (1963) (Req = 440,000), A (Reg = 330,000)
and Vv (Reg = 514,000) from a private communication with F. H. Champagne (1971).
Please note the round jet diameter in the original works D was converted to the equivalent
diameter as in the current work. The variable Uy represent the jet exit velocity in the
experiments.

be a reasonable approach (and it has been widely done in previous literature), fig. 4.23b
shows the same data points premultiplied by (z/D.)*. If eq. (4.54) holds, the data points
would fall on a flat horizontal line. As shown, the trend is actually increasing with z
and one may fit a different trend line between the different experiments (i.e. the different
initial conditions) considered. The Reynolds number here ranged from 18,000 to 514,000,
therefore the development of V., of the jets may be significantly different and hence the
location and the extent of any weakly self-similar region will also be different. Moreover,
the spatial resolution of the data points (e) measured by Friehe et al. (1972) was above
8n (based on the length of their platinum-plated tungsten hot-wire). The importance of

this point is covered in the next section.
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4.6.2 Spatial resolution

Two recent studies (Buxton et al., 2011a; Worth et al., 2010) have suggested a spatial
resolution of at least 37 is needed to adequately capture the small-scale behaviour of a
flow. This has proven to be challenging to achieve with both hot-wire and PIV, due to
the limitation of the experimental apparatus and due to the decrease of n with increasing
Reg. Burattini et al. (2005b), achieved an adequate spatial resolution, however the scatter
in the premultiplied dissipation in fig. 4.24 does not permit concluding if the flow is
completely self-preserving across the whole experiment or if between 30 and 45 D, there

is a region of weakly self-similar flow. Problems with spatial resolution were encountered
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Figure 4.24: Data from the work of Burattini et al. (2005b) acquired with a hot-wire and at
Reg = 115,000. Jet emitted from a round nozzle. Dissipation was estimated converting
the Kolmogorov length scale reported in Table IV into dissipation as € = v®/n%. The
variable [,, represents the hot-wire length and the round jet diameter is rescaled in terms
of equivalent diameter D,.

by Mi and Nathan (2010), as shown in fig. 4.25b. Despite that, the authors managed to
measure a region of self-preserving dissipation for some of the jets as shown by the flat
horizontal in fig. 4.25a, whilst the round jet appears to be growing and is therefore still in
a weakly self-preserving state. This again reveals the importance of the initial conditions

in affecting the evolution of the jet. These findings suggest that for a jet emitted from an
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orifice the transition from weakly to completely self-similar will start somewhere between

x/D, = 25—30, even though a strong influence is played by the initial conditions. Sadeghi
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Figure 4.25: Data from Mi and Nathan (2010), acquired with hot-wire and at Reqg =
13,000. Jet emitted from sharp orifices. Dissipation is calculated from Figure 11c of the
original work. Please note the round jet diameter D has been converted to the equivalent
diameter D, of this work.

et al. (2015) looked into a similar streamwise region for a jet emitted by a round nozzle,
which usually have a lower mixing and therefore a slower development compared to their
orifice counterparts. Again, as shown in fig. 4.26, it is shown that up to 2/D, = 30 the
flow has not reached complete self-preservation, but it appears it may be in a weakly
self-similar state. The spatial resolution of this study was also close to 37n. Certainly the
choice of high Reynolds numbers reduces the chances of actually resolving dissipation and
a clear example is given by Mi et al. (2013), where a jet emitted by a round nozzle is
studied between Reg = 4,570 and 22,700. As shown in fig. 4.27b, the spatial resolution
progressively worsens at increasing Reynolds number. This is due to the fact that at
high Reg, the energy of the flow is redistributed across a wider range of scales, leading
to a smaller n and therefore to a coarser relative spatial resolution. In fig. 4.27a, the
premultiplied dissipation is again found to be increasing up to x/D, = 35 at all Reynolds

numbers, apart from Req = 22, 700, which also has the worst spatial resolution.
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Figure 4.26: Data of homogeneous dissipation (eq. (4.49)) from Table 1 of Sadeghi et al.
(2015), acquired with a cross-wire probe and at Req = 44,000. Jet emitted from a round
nozzle. The diameter has been converted to equivalent diameter, as stated in the current

paper.
Concluding, this section has examined the effect of initial conditions and spatial resolution
on the estimate of the dissipation rate. These need to be accounted for when evaluating
the microscales of a flow, which could be mistaken to be completely self-similar (especially
if considered on a logarithmic scale). Despite these differences in the initial conditions
and spatial resolution, quite a few of the previous studies mentioned point to the existence
of the weakly self-similar region in the same area studied, even if not explicitly pointed

out by the authors.
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Figure 4.27: Reproduction of Figure 14 from the work of Mi et al. (2013) (the Kolmogorov
scale was then converted into dissipation). The data are acquired with a hot-wire and the
jet was emitted by a smooth nozzle. Please note both round jet diameter D and Reynolds
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Chapter 5

The evolution of the small-scale
properties and the behaviour of the

TNTI at different streamwise

locations

Having established the influence of the exit geometries on coherent structures, entrain-
ment, mixing and having discussed the weakly self-similar behaviour, the development
of the turbulent-non turbulent interface (TNTI) is now examined for round and fractal
jets since its behaviour and dynamics are crucial in determining the entrainment into the
jet. This is done by evaluating the properties of the TNTT at three different streamwise

locations:

e /D, = 2: here the jets are in a state of development. The first Kelvin-Helmholtz
vortex rings have already developed and the turbulent kinetic energy is in a pro-
duction phase, where the velocity fluctuations increase with streamwise distance

x.

e 2/D, = 10: both round and fractal jet have passed the peak of turbulent kinetic

111



energy.

e /D, = 25: mean velocity and Reynolds stresses are self-similar.

Moreover, in the past some of the microscales’ properties of various flows have been found
universal, as mentioned in chapter 1. Therefore, the microscales of the flow will also be
characterised through the velocity gradients, to verify how the microscale structure of the
jets evolve in space and from the edge of the TNTTI into the turbulent bulk of the jet.
The latter is necessary to gain a deeper understanding of the entrainment mechanism and

how quiescent irrotational flow acquires vorticity.

5.1 Detection of the TINTI

In chapter 1, the importance of the TNTT in the entrainment of irrotational fluid into the
turbulent stream was described. Studying this interface has posed significant challenges
due to its small thickness and due to the difficulty in establishing a reliable criteria for
its detection. Usually, the best way to detect it is to choose a quantity that has a
steep gradient across the TNTI, since the flow will change from irrotational to turbulent
(i.e. rotational). According to this definition one may simply set a threshold based on
the enstrophy Q2 > 0. However, experimental/numerical noise, weak turbulence in the
background, etc make this criteria not always effective. Therefore, various authors in the
past have tested various threshold-based detection systems to find one which was relatively

insensitive to the threshold chosen and which made the study of the TNTT reliable.

Now, various detection systems are analysed. The vorticity is split into its mean and
fluctuating component as follows:

N=w+w. (5.1)

Bisset et al. (2002) estimated the location of the TNTI from their DNS data for a wake

generated by a flat plate based on a vorticity threshold €2y, calculated from the centre-
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plane velocity deficit Uy and the wake half-width b:

Y%

ch = 07 b

(5.2)

Mathew and Basu (2002), modelling a round jet in DNS, and da Silva and Taveira (2010),
for a DNS of homogencous shear free turbulence, also used a threshold based on the r.m.s.

of the mean vorticity fluctuations w’:
ch = 20(4.},, (53)

Anand et al. (2009) reviewed some of the most used criteria proposing one for an axisym-
metric jet where the full vorticity vector is evaluated in terms of the mean streamwise
velocity and of the distance b, (defined as the distance between the centre of the jet and

the location where the flow’s streamwise velocity is equal to Uy e‘l)

Ux(ZU, be) = %Ucl(x) (54)

Qb
— > 0.1, (5.5)
U.

T

and one where only the azimuthal component of vorticity €2y is available, which is evalu-

ated with the instantaneous and mean streamwise velocity

Uy

- = < 0.03. 5.6
(T (56)

Holzner and Liithi (2011) proposed a different threshold for their study on the viscous
super layer (VSL) of a turbulent flow generated by an oscillating grid using both DNS
and particle tracking velocimetry (PTV), who set a vorticity threshold of 5% of the mean
vorticity

Q= 0.05@. (5.7)

A similar methodology was used by Wolf et al. (2013) for their 3D-PTV and DNS study,
who set the threshold to 2%. Chauhan et al. (2014a) and da Silva et al. (2014b) proposed
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a threshold based on the local turbulent kinetic energy ¢?, which had to be greater than
a certain threshold either in a 3 x 3 box of data points (the former) of point-by-point (the
latter). However, this may be not the best approach since, as pointed out by Kwon et al.
(2016), there may be non-turbulent regions of the flow with high velocity fluctuations and
therefore kinetic energy. Finally, da Silva et al. (2014b) and Zhou and Vassilicos (2017)
proposed a method of evaluating the size of the volume (the former) or of the area (the
latter) of regions of vorticity greater than a certain threshold value. Plotting the size of the
area against the vorticity threshold chosen, it will be noticed that increasing the threshold
of Qu, at some point the area (or volume) will suddenly show a plateau, suggesting the
turbulent zone has been entered due to the fact vorticity increases sharply at the interface

(whilst the area does not vary as much). An example is shown in fig. 5.1. This method

1.0 . - -

Area (100 %)
o o o
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o
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Figure 5.1: Example of threshold detection based on the turbulent area. Figure re-
produced from Zhou and Vassilicos (2017) with the permission of the Journal of Fluid
Mechanics.

has been used for DNS data and may therefore not be applicable for experimental works,
where the underlying noise in calculating the vorticity vector may make the jump where
the turbulent volume (or area) sharply increases less steep, as in fig. 5.1. In summary, the
works above suggested that the most reliable threshold for an experimental work should
be based on vorticity (or enstrophy), since the quiescent fluid will have zero vorticity (or

will appear weakly vortical due to experimental /numerical noise).

Therefore, this approach is followed for the present study. A certain threshold (discussed
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Figure 5.2: w2 at various streamwise locations for the round jet, compensated by the
mean bulk 7 (a, b, ¢) and Ay (d, e, f). The change of growth rate are shown with the
dashed magenta lines (TPIV data and Res = 10, 000).

later in the paragraph) of the square root of enstrophy was selected and the radial dis-
tance r from the jet centre was converted into distance r; from the TNTI, where r; = 0
corresponds to where the TNTT is detected and positive r; is in the direction of the tur-
bulent bulk. The conditional mean enstrophy w? (i.e. conditioned to the distance from

r; = 0) is premultiplied by equivalent diameter and velocity

—  —(D.\?
2* _ 2 e 5.8
: “(Ue)’ (5.8)

and then plotted in fig. 5.2a. As shown, the threshold chosen captures the point where w?
sharply increases across the TNTI, whilst for r; < 0 the enstrophy is approximately zero.

The threshold had to be adjusted for the three different streamwise locations studied,
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since the coflow would slow down moving up vertically from the jet exit, showing as
a consequence a reduced background vorticity. The values chosen were 2* > 1.91 for
z/D, =2, Q* > 0.40 for z/D, = 10 and Q* > 0.08 for x/D, = 25. As shown in fig. 5.2,
these thresholds allow being above the background weakly vortical flow. In Bisset et al.
(2002), it was shown that for a fully developed turbulent wake @ would be close to zero
in the non-turbulent zone. It would then sharply increase across the TNTI and finally
it would have a different and slower growth rate inside the wake. In figs. 5.2a to 5.2c,
two different behaviours can be identified as expected. It is also shown that, due to
experimental noise, a threshold 2 > 0 is needed to distinguish between the jet and the
background fluid. Moreover, comparing figs. 5.2a to 5.2¢ (r; compensated by 1) with
figs. 5.2d to 5.2f (r; compensated by A¢), it is found that the TNTT’s thickness appears to
scale with A, rather than 7. In fact, at /D, = 2, the TNTT has a thickness of ~ 1.2,
at /D, = 10 of = 0.7\ and of =~ Ay at ©/D. = 25. Moreover, at /D, = 2, the TNTI of
the fractal jet appears to have a thickness of ~ 0.6\;, which is almost half of the one of
the round jet. This suggests that in the near field, the coherent structures present for the
round jet alter the development of the TNTI, increasing the thickness of the outer TNTTI,
between the jet and the background fluid, whilst the one between the jet and the core
appears to have a comparable thickness between round and fractal jet (fig. 5.3). Once
the jet’s shear layers meet and the core is absorbed, the TNTT’s thickness is initially less
than a Taylor lengthscale but then evolves towards ~ A; once the turbulent flow is fully
developed in the weakly self-similar region (z/D, = 25). The point of the TNTT scaling
with Ay, despite being in agreement with previous literature, contrasts with a recent work
of Silva et al. (2018) for a planar jet, who suggested a TNTI’s thickness of 175. Further

remarks are given in section 5.6.
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Figure 5.3: Mean conditional interface for round and fractal jet at /D, = 2 (TPIV data,
Reg = 10,000).

5.2 Properties of TNTI

As discussed in chapter 3, the fractal geometry considered in this thesis has been found
to break-up the coherent structures, leading to a reduction of entrainment and mixing. It
is hypothesised therefore that the different coherent structures may affect the wrinkling
of the interfaces and its distance from the jet centre 7. The analysis focuses on different
types of TNTI. At /D, = 2, two interfaces are present: the outer interface (OTNTI),
between the jet and the quiescent background flow, and the inner interface (ITNTI)!,
between the laminar potential core and the turbulent part of the jet. The tortuosity is
calculated for the ITNTT only, since the field of view was not big enough to always capture
the complete OTNTI. This was estimated as a function of the averaged interface length
Lpnrr across all time steps and the average radial distance # of the TNTI from the jet

centre:

L
tortuosity = ;NTT L (5.9)
T

'Note that at /D, = 10 and x/D, = 25, the terminology TNTI refers to the outer interface of the
jet since it is the only one present.
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It is found that the round jet has a tortuosity of 1.49 4 0.5%, whilst the fractal jet of
1.40 £ 0.5%. Hence, this hints that the break-up of the coherent structures may reduce
the wrinkling and the tortuosity that can be achieved by the TNTI. In order to further
investigate this, the probability density function (p.d.f.) of 7 is examined. As shown
in fig. 5.5a, the round jet has wider pdfs at both ITNTI and OTNTI. However, it is
unclear if this is due to the suppression of the large scale structures or simply due to the

different exit geometry influencing the mean interface shape. As shown in fig. 5.4, both
.
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Figure 5.4: 7#(6) for round and fractal jet at 2/D, = 2. (TPIV data and Reg = 10, 000)

the I'TNTT and the OTNTTI of the fractal jet having a noncircular shape resembling the
exit geometry, hence the radial fluctuations based on a single mean value for 7 may not be
actually influenced by the exit geometry. Therefore, in order to evaluate the fluctuations
of 7, a different mean () was calculated every 2°, to account for the different shape
of the two TNTIs. The pdf of the fluctuations of 7 is examined in fig. 5.5b, where the
abscissa has been re-ordered so that when it is positive the TN'TT is moving towards the
turbulent zone, whist when negative towards the non-turbulent zone. It is found that the
OTNTTI and ITNTT of both jets have a comparable positive tail of the pdf, suggesting
therefore that the movement towards the turbulent zone is not affected by the break-up
of the coherent structures. On the negative side of the pdf, the OTNTI appears to have
a larger tail compared to the ITNTI. Small differences are found on the I'TNTI between
the two jets, where the round jet has a larger negative tail indicating it is fluctuating

more with respect to 7(0) due to the influence of the large coherent structures. However,
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no appreciable differences are found on the negative side of the OTNTI of round and
fractal jets, suggesting therefore it is insensitive to the state of the coherent structures.

Now, the effect of exit geometry and coherent structures on the velocity fluctuations is
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Figure 5.5: (a) P.d.f. of 7 for round (o) and fractal (%) jet. (b) P.d.f. of fluctuations of
the TNTI based on the angular mean radial distance (same legend applied). Here the
abscissa has been oriented so that positive represents the turbulent zone, whilst negative
represents non-turbulent areas (either in the jet core or in the quiescent background).

TPIV data at x/D, = 2 and Reg = 10, 000.

examined. As before, a local mean velocity U;(6) is calculated every 2° to account for
the different shape of the exit perimeters. As shown in fig. 5.6b, at the OTNTI the two
jets have comparable velocity fluctuations. At the ITNTI, similar pdfs are found for the
streamwise velocity fluctuations u,, where the only difference is on the right-hand tail,
which suddenly becomes approximately constant suggesting the potential core has been

entered. Moreover, the pdfs of the round jet are wider compared to the ones of the fractal

jet for u, and wuy.

In chapter 3, it was suggested that the break-up of the coherent structures produced a
thinner shear layer that coalesced further downstream for the fractal jet, influencing the
two-point correlations of the velocity fluctuations. This finding is here confirmed, however

it is shown that the fractal orifice primarily affects the fluctuations at the ITNTI, whilst
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Figure 5.6: P.d.f. of velocity fluctuations at the interface based on the mean interface
velocity at the inner and outer interface for round (o) and fractal jet (x). (z/D. = 2,
Reg = 10,000).

they remain comparable at the OTNTT to the round jet. Further downstream, comparable

pdfs are found between the two jets for both (7 — #(#)) and (U; — Us(0)).

Having discussed the radial position of, and velocity fluctuations at the interface, now its

evolution in terms of its fractal dimension is examined.

5.3 Fractal dimension of the TINTI

Since the work of Sreenivasan and Meneveau (1986), it has been believed that the the
area of a turbulent surface S of a TNTI would follow a power-law in the form S ~ A%2=Pr,
where Dy is the three-dimensional fractal dimension and A is the side length of a cube. As
discussed by Mistry et al. (2018), invoking Reynolds similarity hypothesis and Kolmogorov
scalings leads to a prediction of Dy = 2+ 1/3. Various computational and experimental
works have attempted to verify this hypothesis, however strong limitations were posed
by the spatial resolution and by the dimensions available (2D or 3D). Therefore, rather

than evaluating the area of the TNTI, the “fractality” of its length was tested to check it

120



would follow a power law. A popular method to verify this has been the “box counting”
technique (Mandelbrot, 1982; Sreenivasan et al., 1989; Mistry et al., 2016; Zhou and
Vassilicos, 2017). This technique consists in covering the field of view with squares of
the same size and counting how many of them contains the TNTI. An example of the

procedure is given in fig. 5.7. Varying the box size Bs and counting each time the number
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Figure 5.7: ITNTI of the round jet from a single time step at /D, = 2 with varying box
size: (a) By = 0.03D,, (b) By = 0.08D, and (¢) Bs; = 0.16D,. The boxes containing the
TNTT are shown in red. (TPIV data and Res = 10, 000)

N of boxes containing the TNTI, it should be found that there is a power law in the form
N ~ BT". The exponent m is related to the fractal dimension as Dy = 1 — m. Therefore,
if a Kolmogorov scaling were to be found it would be expected that m = —4/3. The
box-counting technique was applied to the present data at various streamwise locations
to probe the evolution of the TNTI further downstream. In order to test if they follow
the Kolmogorov scaling, they are premultiplied so that if a specific scaling was followed,

the data would lie on a straight horizontal line.

The data indicates that the TNTI follows a power law at all streamwise locations, how-
ever it does not seem to follow a Kolmogorov scaling. As shown in fig. 5.8, the interfaces
premultiplied by (B,/D.)~%/® in fig. 5.8a appears to follow a —6/5 scaling rather than
the —4/3 Kolmogorov scaling, as shown in fig. 5.8b. Only the fractal jet at =/D, = 25
appears to start approaching the Kolmogorov scaling, whilst the round jet does not. This

may be linked to a different state of development of the TNTT at this stage, however more

121



o 10°
-
ok
5L
1O
= 2
—~
S S
sl
~ ~—
CQQO g
N~—— oL @/
< —-x2/D, =2(OTNTI) =
——1/D,=2(ITNTI)
——z/D. =10
z/D. =25 1071
1 : .
102 107 10° 102 107 10°
B,/D, B/ D.
(a) Non-equilibrium scaling (b) Kolmogorov scaling

Figure 5.8: Box counting of different interfaces at various streamwise locations for round
(o) and fractal (x) jets (TPIV data ad Reg = 10,000).

streamwise locations would need to be probed to confirm this. The —6/5 scaling has been
previously discussed by Zhou and Vassilicos (2017), who completed 3D DNS simulations,
looking at the TNTT in 2D planes normal to the mean flow direction of an axisymmetric
wake at various streamwise locations. The authors linked the -6/5 scaling to the presence
of the non-equilibrium dissipation. However, in the present study a Kolmogorov scaling
was found for the fractal jet at x/D, = 25 despite non-equilibrium dissipation being mea-
sured for this jet at this location, as discussed in chapter 4. Therefore, further streamwise
locations are needed in order to unveil the transition from a —6/5 to a Kolmogorov scaling
and which phenomena are determining it. The present findings differ from the results of
Mistry et al. (2018), who investigated the scaling of the TNTI in the streamwise direc-
tion for an axisymmetric jet emitted by a round nozzle. The authors found that up to
x/D, = 5, the TNTI would have a 2D fractal dimension lower than 4/3 up to #/D, = 5
and then it would be approximately 4/3 (hence a Kolmogorov scaling) from there up to
x/D, = 73 (x/D = 65 in the original work where D is simply defined as the round jet
diameter), where the jet was self-similar. The authors investigated the jet acquiring the

data across planes normal to the jet exit rather than in parallel as in the present thesis.
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On one side, it may be argued that it is more accurate to count the boxes in a r — # plane
at a specific streamwise location rather than counting them in the streamwise direction
where the scaling may vary spatially. On the other hand, as discussed in chapter 3, the
terms of the momentum equation for a jet tended rapidly to axisymmetry in the radial
direction, whilst they took much longer for the streamwise terms. This picture may point
to different radial and streamwise evolution of the fractal scaling, which will become the

same both radially and streamwise only when the jet is fully self-similar.

Overall, despite the different state of the coherent structures, the jet appears to have a
comparable behaviour and fractal scalings of the TNTI. Therefore, the state of the micro

structure of the jet is now examined to better understand its evolution.

5.4 State of the microscales of the jet

Having shown the evolution of the TNTI from /D, = 2 to /D, = 25, it is now investi-

gated how the jet’s small-scale structure evolves with x.

5.4.1 Unfolding of the jpdf of ) and R

As discussed in chapter 1, the smallest scales of the flow have been thought to be isotropic
and statistically homogeneous and in fully developed turbulence the joint probability den-
sity function (jpdf) of @ and R have been found to have the so-called “tear-drop” shape.
However, Buxton et al. (2017) found this shape also in the turbulence production region
and just after the peak of turbulence production for a wake generated by a high-aspect-
ratio square cylinder, arguing that the tear-drop shaped jpdf may be a signature of turbu-
lent flows in general. This work followed previous findings from Gomes-Fernandes et al.
(2014). The authors investigated the evolution of the microscales of a grid-generated
flow measuring in the middle of the turbulence production region (z/zP®* = (.57, where

2P was the distance of the peak of turbulence kinetic energy production from the grid),
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at the peak and far downstream in the turbulence decay region. They found that the
jpdf of @) and R would unfold in its tear-drop shape from the first station moving down-
stream. Moreover, they noted that even at the station closest to the grid, there already
was a slightly greater percentage of events associated with excess of strain production
over enstrophy production (R > 0), which increased moving further downstream, i.e. a
developing Viellefosse tail. Therefore, these two works suggested that the tear-drop shape
would start developing very close to the point where the flow is generated, even where the
effect of the coherent structures was still present. Hence, it is now examined if a similar
evolution takes place in the axisymmetric jets at issue. The region of the flow studied
is the bulk of the turbulent flow, where Q0* > threshold as discussed in section 5.1. De-
spite the spatial resolution not being sufficient to resolve the Kolmogorov scale in the
near field, Buxton (2015) showed that a mix of inertial and dissipative scales is needed
to recover the tear-drop shape. Hence, the current spatial resolution is sufficient to study
some structural aspects of the small-scale behaviour of the flow. In fig. 5.9, the evolution
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Figure 5.9: Jpdf of @ and R for the round and fractal jet (TPIV data and Reqg =
10,000). Isocontours range from 10~% to 10°. The regions of positive and negative D (the

discriminant of the velocity gradient tensor) are separated by a black dashed line. (TPIV
data, Reg = 10,000)

of the of the jpdf of () and R is examined. At the station farthest downstream, a fully
developed tear drop shape is found. A similar shape, where however the Viellefosse tail
is still developing, is found at xz/D, = 10, as shown in fig. 5.9b. Despite the effect of

the initial conditions still “being felt” by the flow, the tear drop was found even in the
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turbulence production region of a wake generated by a square cylinder (Buxton et al.,
2017). At x/D., = 25, as shown in fig. 5.9¢, the tear-drop shape appears in a fully-
developed state as expected since the turbulence is fully developed (even though not fully
self-similar) as discussed in chapter 4. In fig. 5.9a a differently shaped jpdf is found at
z/D, = 2, with a close balance between events of R > 0 and R < 0. The potential effect
of experimental noise at this station was investigated since, as discussed by Buxton et al.
(2011a), this jpdf can be highly susceptible to it. As discussed in chapter 2, a divergence
correction scheme (DCS) was applied to keep the divergence error |0u;/0x; < 10s!|. In
order to test the level of noise on this jpdf, a further restricting condition was set so that
|Ou;/Ox; < 1571, however the same shaped jpdf was found, giving confidence noise was
not affecting it. A similar type of jpdf as in fig. 5.9a was found by Chertkov et al. (1999),
for a flow where the real velocity field was replaced by a random Gaussian one (hence
of reduced intermittency) with the same velocity spectrum. In general, when a “classi-
cal” tear-drop shape is present, in regions where strain dominates over rotation (@ < 0)
strain production usually exceeds enstrophy production (R > 0), whilst in regions where
rotation dominates (@ > 0) it is more likely that R < 0. Gomes-Fernandes et al. (2014)
found such characteristics even in the middle of the turbulence production region of their
grid-generated flow, however this is not the case for the current experiment, where data
were acquired earlier than x /2P = 0.57. At z/D, = 2, the jpdf is approximately sym-
metrical and there is no trace of the so-called Viellefosse tail. Moreover, it is found that
there is an approximately equal balance between events where strain production exceeds
enstrophy production and vice-versa. Therefore, it may be postulated that at the start
of the turbulence production region of a jet, the flow does not have a classical tear-drop
shaped jpdf since the flow is not yet fully turbulent, but rather there is a balance between
strain production and enstrophy production dominated events. This differs from the grid
flow of Gomes-Fernandes et al. (2014), where the separated flow is immediately turbulent.
Later on, when the jet is also fully turbulent, the jpdf of @ — R evolves towards tear-drop
shape, as shown at z/D, = 10 and /D, = 25.

Now, the analysis is focused on the behaviour of the flow at x/D, = 2, which may be in a
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way better understood by considering previous studies on the restricted Euler equation.
Cantwell (1992) verified that the trajectories through time of the invariants of the velocity
gradient tensor predicted by such an equation would have a likely symmetrical behaviour
if the pressure Hessian II;;,

82[) 82[) S %A,
I, = — - iy i 1
J <Bmi8xj Ox0x 3 ) + l/aa:k[‘)mk (5.10)

involving non-local pressure (p) distribution, viscous, dissipative effects on the velocity
gradient tensor A;; and the Kronecker delta d;;, was assumed to be diagonal (I;; = 0V i #
7). Despite the author discussing the trajectories of the invariants of the velocity gradient
tensor rather than the jpdf, the former may still give an indication of the behaviour of the
latter (as discussed by Cheng and Cantwell (1996)). Hence, it may be expected that the
jpdf of @ and R will be symmetrical with respect to R as are its trajectories. In addition,
Wilczek and Meneveau (2014) confirmed the intimate interactions between the non-local
pressure and dissipative events that take place in real flows, suggesting the assumption
II;; = 0 does not work in regions where s;;s;; (which is proportional to dissipation) is
intermittent. Hence, the p.d.f. of the latter quantity is examined at the three streamwise
locations. As shown in fig. 5.10, there is an increasing intermittency of s;;s;; moving
further downstream. At x/D. = 2 the intermittency is the lowest, which, together with
fig. 5.9a, fits with the model of Chertkov et al. (1999) for a “Gaussian” velocity gradient
tensor. Moreover, the increasing intermittency indicates that the non-diagonal part of
II;; becomes increasingly important in comparison to the diagonal one at /D, = 10 and
/D, = 25. At /D, = 2, the coherent motions may contribute strongly to the pressure
Hessian, however the present findings may suggest that this is mainly across its diagonal
part making the non-diagonal part negligible in comparison, so that the jpdf of ) and R
appears symmetrical as if II;; = 0. In this case the restricted Euler equation may be a
good model of the flow behaviour. Once the coherent motions have decayed, the diagonal
and non-diagonal parts may be of the same order of magnitude and therefore II;; = 0 is
not a valid assumption any more to model the invariants of the velocity gradient tensor

and in fact the jpdf of @) and R is not symmetric any more.
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5.4.2 Evolution of enstrophy and strain production

As discussed by Buxton et al. (2011b), @ and R can be interpreted as local departures
from homogeneity with regards to strain/rotation and strain/rotation amplification rates
respectively. Having already discussed the evolution of s;;s;;, the analysis is now focused
on the evolution —s;;s,,sk and w;s;;w;, the inviscid source/sink terms for the evolution
of strain and rotation respectively. In fig. 5.11b, the strain production/destruction is
analysed. The pdfs at the three streamwise locations indicate that at z/D, = 2 strain
destruction is favoured with respect to strain production. However, the flow then develops
indicating a prevalence of strain production (—s;js;ksk;) further downstream of the jet
exit with an amplification of —s;;s;,s,; at the farthest location. The same behaviour was
found by Gomes-Fernandes et al. (2014), who showed an increasing tendency for positive
strain self-amplification (—s;;s;x5k;) moving further away from their space-filling fractal-
square grid. Positive strain self amplification was also already present in their turbulent

production region.
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Figure 5.11: P.d.f. of enstrophy and strain for round jet (-) and fractal jet (- -). (TPIV
data at Reg = 10,000)

Another term of interest is the vortex stretching term w;s;jw;. As discussed by Taylor
(1938), this term is responsible for allowing the flow’s energy to be transferred inertially
from the large to the small scales. On average (w;s;;jw;) > 0, indicating therefore that
vortex stretching is favoured over compression, and this has been verified in a wide range of
flows (Tsinober et al. (1992) amongst others). At /D, = 10 and /D, = 25, the ensemble
average of w;s;jw; is positive for both jets, in accordance with previous literature. This
is also shown in fig. 5.11a, where the pdf indicates a slight skewness towards the positive
side. However, at /D, = 2 (w;s;;w;) is negative for both jets, indicating a predominance

of vortex compression over stretching.

5.4.3 Strain-vorticity coupling

This point is further studied by considering the eigenvectors of the strain-rate tensor s;;
in fig. 5.12. In fact, as discussed by Betchov (1956), the vortex stretching can be rewritten
as w;S;jwj = w?s;(e;-w)?, where s; are the eigenvalues of the strain-rate tensor, e; are the

corresponding eigenvectors, w a unit vector indicating the direction of the vorticity vector
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and summation over index 7 is implicit. Here, s3 represents the compressive eigenvalue (al-
ways negative), s; the extensive one (always positive) and s, the intermediate one (either
positive or negative). These eigenvalues can be ordered as s; > so > s3 and for an incom-
pressible flow Zf’zl s; = 0. As shown in fig. 5.12a, the symmetrical pdf of w;s;;w; is con-
—ict
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Figure 5.12: Pdf of the spatial evolution of w?s; cos?(e;,w) for round jet (-) and fractal
jet (- -). TPIV data at Reg = 10, 000.

firmed at /D, = 2. At x/D, = 10, w?s; cos?(e1,w) and w?s3 cos?(e3, w) have an almost
symmetrical pdf, whilst w?s, cos?(es,w) has a clear skewness for vortex stretching which
persists up to 2/ D, = 25. At this station, the pdfs of w?s; cos?(e;, w) and w?s3 cos®(es, w)
are again similar,even though w?s; cos?(es,w) appears to be slightly more intermittent,
whilst the clear skewness of w?s; cos?(ez, w) points to the importance of the intermediate
eigenvalue s, in the process of vortex stretching. The findings in fig. 5.12 show some sim-
ilarities to the evolution of vortex stretching studied by Gomes-Fernandes et al. (2014).
The authors found that, up to the turbulence production peak, w?s; cos?(e;, w) displayed
symmetrical pdfs, whilst in the decay region w?s, cos?(es, w) would show a clear skewness
towards positive values. However, differently from the present study, the authors found
that w?s; cos?(ey, w) would have a wider pdf compared to w?s; cos?(es, w), suggesting the

behaviour of w?s; cos?(e;, w) might be intimately related to the particular flow studied.

Now, the constituent parts of w?s; cos?(e;, w) are examined, starting from the pdfs of s;.
As shown in fig. 5.13a, at /D, = 2 there is a symmetrical distribution between s; and

sz and between the positive and negative side of the pdf of s,. The previously observed
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Figure 5.13: Pdf of the eigenvalues s; for round jet (-) and fractal jet (- -). TPIV data
and Reg — 10, 000.

symmetry in vortex stretching and compression translates to the extensive, compressive
and intermediate strain-rate eigenvalues as well. Gomes-Fernandes et al. (2014) identified
a similar behaviour in the turbulence production region of their grid generated flow. This
symmetry between the pdfs of s; and s3 persisted up to the peak of turbulence production,
where, however, the pdf of s, showed a skewness towards the positive side. Further
downstream, as shown in fig. 5.13b and fig. 5.13c, there is a greater tendency towards
positive values of s; for both it extensive and intermediate counterparts, concurrently to
vortex stretching and strain production. The pdf of s; is found to be more intermittent
with respect to s3, a behaviour that was found by Gomes-Fernandes et al. (2014) as well.
Comparing the round and fractal jets, similar trends are found and at x/D, = 2 the pdfs
of the two jets are even superimposed. At z/D, = 10 and z/D, = 25, small differences

in the peak value and in the width of the pdfs are found, which may be linked to the

different evolution in terms of eddy turnover time discussed in chapter 4.

The analysis on w?s; cos?(e;, w) is concluded by investigating the pdf of the alignments
|€;-@|. As shown in fig. 5.14b and fig. 5.14c, the pdfs show a comparable behaviour of the
alignments at x/D, = 10 and /D, = 25. The extensive eigenvector e; shows a random
alignment with the vorticity vector. The intermediate eigenvector es shows a clear prefer-
ential parallel alignment with the vorticity vector, whilst eg tends to be perpendicular to

it. A similar behaviour of the three alignments was found for an axisymmetric jet (Bux-
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Figure 5.14: Pdf of the spatial evolution of the alignment of the vorticity vector with the
eigenvectors of the strain-rate tensor for the round jet (-) and the fractal jet (- -). (TPIV
data and Reg = 10,000).

ton and Ganapathisubramani, 2010) at x/D, = 36 and in the turbulence decay region
of a variety of other flows (Ashurst et al., 1987; Gomes-Fernandes et al., 2014; Fiscaletti
et al., 2016a). Between the two stations investigated, the intermediate eigenvector tends
to increase its parallel alignment moving further downstream, whilst the compressive one
becomes increasingly perpendicular. The behaviour of the extensive eigenvector appears
to be unaltered. Overall, the round and fractal jets appear to behave in a similar manner
at all streamwise locations studied. At xz/D. = 2, the plots are almost superimposed

suggesting the state of the coherent structures does not affect the alignment |é; - w].

At 2/D, = 2, a markedly different behaviour is found compared to the other streamwise
locations, as shown in fig. 5.14a. Despite the intermediate eigenvector maintaining a
preferential parallel alignment with the vorticity vector and the compressive one remaining
perpendicularly aligned, e; shows a slight preference for perpendicular alignment and is
almost superimposed to es. Gomes-Fernandes et al. (2014) found a slight tendency of es
to be in parallel alignment with the vorticity vector in the turbulence production region
and at the peak for their grid generated flow, however this effect was not as marked as in

the present case.

In section 5.4.1, the role of II;; in the restricted Euler equation was discussed for the Q) — R

space. However, its role is also intimately linked to the alignment between the eigenvector
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of the strain rate tensor and to the vorticity vector. Hamlington et al. (2008) showed that
strain rate and vorticity are linked by a non-linear coupling, where the non-locality of
the vorticity and of the strain rate co-evolution involves II;; (Nomura and Post, 1998;
Ohkitani and Kishiba, 1995). Hamlington et al. (2008) further discusses the alignment of
the vorticity vector with the non-local (background) strain and with the local one induced
by the vorticity within it. Using a Biot-Savart integration to study the effect of both types
of strain on their DNS data, the authors found that, for the non-local strain, e; and es
had a clear preference for parallel alignment, whilst es was perpendicular to the vorticity
vector. The most interesting result, was the alignment of the local strain field. In fact, e
had a clear preference for parallel alignment, whilst e; and es were almost superimposed
with a preference for perpendicular alignment, like in the present study at z/D, = 2.
Since the nonlocality of the strain field involves I1;;, the study of Hamlington et al. (2008)
suggests that at z/D, = 2, the effect of the non-diagonal part of the pressure Hessian
may be negligible and in fact the alignments of e; with w behave like if the strain field
was local only, which is expected due to the dominance of the coherent structures in the
near field. This conclusion confirms the previous hypothesis that at z/D, = 2, II;; acts

like if it was diagonal.

Now, it remains to be understood what causes the pressure-viscous stress field represented
by II;; to be approximately diagonal at x/D. = 2 (where the flow is less intermittent and
dominated by the coherent structures) and how it evolves to the other locations probed.
Certainly, near the jet exit, the evolution of the strain field is somewhat constrained by the
presence of the potential core, where the ITNTI and the OTNTTI act like barriers to the
development of the vortical structures. We may thus define a characteristic lengthscale
separating OTNTI and I'TNTT as £, = 7ornrr — TrrnT1, or simply the difference between
the mean radius of the OTNTT and of the ITNTI. It is hypothesised that £, may constrain
the evolution of the turbulent structures, since £, < 2.8y (4),). In fact, Ishihara et al.
(2013) hypothesised in their DNS work on homogeneous turbulence that thin layers of
thickness 2.8\, (4),) exists, which consists of clusters of strong vortex tubes which largely

contributes to the mean dissipation rate. Elsinga et al. (2017) confirmed these findings
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for homogeneous turbulence (DNS) suggesting that the non-local strain width was 2.8)\¢
(4),) and that the local strain scaled with n. In the present study, it was found that
L, ~ 1.8)\; for the round jet and £, ~ 2.4\, for the fractal one. Now, it was just shown
at */D, = 2 that the bulk turbulent flow behaves like if only local strain was present.
Since L, is less than 2.8 7 for both jets, this may suggest that the physical space is not
sufficient for the non-local strain to develop, hindering vortex stretching. Later on, when
the shear layer meets and the I'TNTT is absorbed into the turbulent bulk, the strain has
all the physical space necessary to evolve towards its non-local state. A schematic is
shown in figs. 5.15a and 5.15b. The round and fractal jets have a comparable pdf of the
fluctuations of L, where the positive side of the pdf is wider than the negative one. In
general, the pdf of the fractal jet is only marginally wider than the one of the round jet
as shown in fig. 5.15c, suggesting that the break-up of the coherent structures does not

significantly alter the behaviour of L.

Summarising, it was found that the presence of two interfaces inhibits the transition from
local to nonlocal strain, which is shown by the alignment of e; with w. This is evidenced
by the jpdf of @ and R and by the alignments of e; with w, which resembles a state of

the pressure Hessian as if it was diagonal only.

5.4.4 Scale-dependence of alignments |é; - w|

In this section the scale-dependence of the alignments |€; - w| is examined. Buxton et al.
(2011Db) previously investigated this topic in the self-similar region of a planar mixing
layer (DNS). The authors analysed the data from two quadrants of the @ — R space,
specifically quadrant I (D > 0 and R > 0) and IV (D > 0 and R < 0). The data were
then mean filtered at windows of dimension ranging between 2.517 and 257. Analysing
e; (which determines if enstrophy is amplified or attenuated), the authors found that
enstrophy attenuation was scale independent (quadrant I), whilst enstrophy amplification
was scale dependent and driven by large inertial scale structures (quadrant IV). In this

study, the scale dependence is analysed by applying a mean filter to the whole data with a
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window size of 3 x 3, 5 x5 and 7 x 7 vectors (converted in the plots in terms of their mean
bulk 1). Moreover, the pdfs are conditioned to enstrophy production (w;s;jw; > 0) and
enstrophy destruction (w;s;jw; < 0). In fact, Buxton and Ganapathisubramani (2010),
studying an axisymmetric jet in the far field, found that, despite the alignment of e; and
w was arbitrary on average, the two vectors aligned in parallel led to enstrophy production

whilst when they were aligned perpendicularly to enstrophy destruction.

An initial analysis shows that the baseline and the 3 x 3 vectors filter are superimposed
due to the 75% overlap in the TPIV cross-correlation algorithm, as indicated in figs. 5.16
to 5.18. At x/D, = 2, a strong scale dependence for all three alignments is found for both
round and fractal, as shown in figs. 5.16a to 5.16d. In general, the parallel alignment of
es with w appears to reduce with increasing scale size, whilst the opposite takes place for
es. The extensive eigenvector ey appears to increase its perpendicular alignment with in-
creasing scale. Moreover, differently from the findings of Buxton and Ganapathisubramani
(2010), at this station ey always appears to have a tendency for perpendicular alignment,
leading to both enstrophy production and destruction. At x/D, = 10 and 2/ D, = 25, the
intermediate and compressive eigenvectors’ alignment appear to be highly scale depen-
dent, where the former reduces its parallel alignment with increasing scale size whilst the
latter reduces its perpendicular alignment, as shown in figs. 5.17 and 5.18. The extensive
eigenvector ey appears to be scale independent, at least for the points aligned perpendic-
ularly with the vorticity vector, whilst small variations are found for the points aligned
in parallel for both round and fractal jets. These findings partly agree with the work of
Buxton et al. (2011b), who established that for a mixing layer enstrophy amplification
was scale dependent whilst enstrophy attenuation was scale independent. Moreover, at
these two locations when e is aligned in parallel enstrophy is produced, whilst when e
is aligned perpendicularly to w enstrophy is destroyed, confirming the findings of Bux-
ton and Ganapathisubramani (2010) for an axisymmetric jet. Moreover, Fiscaletti et al.
(2016b), studying a planar turbulent mixing layer, suggested that the alignment ten-
dencies were affected by the large-scale velocity-gradient fluctuations, which explains the

changes of the pdf of the alignments at different filter lengths.
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A last characterisation of |€; - w| is done by evaluating regions of high swirling, which
have been shown before to be structured into worms. As discussed by Zhou et al. (1999),
in order to distinguish between swirling and straining regions, the discriminant D of the
characteristic equation for the eigenvalues of the velocity gradient tensor (as previously
discussed in chapter 1)

E+PC+QE+R=0, (5.11)

is considered. When D is positive (Zhou et al., 1999; Buxton and Ganapathisubramani,

2010), there is one real and a pair of complex conjugate eigenvalues

A=A, Ao £ il (5.12)

the streamlines of the flow are locally swirling and a measure of its intensity is given by
Aei = V/D. If the flow is straining only (no swirling), D is negative and A, = 0. Buxton
and Ganapathisubramani (2009, 2010) studied the alignment |€; - w| for an axisymmetric
jet in the far field. They found that in straining only regions (A, = 0) the pdfs of the
alignment had greater peaks compared to their swirling counterpart (A > 0), suggesting
w had a greater preponderance of aligning in parallel with es and perpendicularly to es.
Fiscaletti et al. (2016b) examined for a planar mixing layer regions of intense swirling
Aei > 3.5AL;, where ). is the root-mean-square of the swirling strength in regions where
Aei > 0. The authors found that in general the preferential alignment |€; - w| were main-
tained compared to the bulk flow, with the preferential parallel alignment of w with es
and the perpendicular alignment with ez exaggerated for the intense swirling case. The
same analysis for intense swirling regions is conducted for the present jets. At /D, = 10
(figs. 5.19¢ and 5.19d) and z/D, = 25 (figs. 5.19¢ and 5.19f) the parallel alignment of w
with e; and the perpendicular one with eg are exaggerated in the intense swirling regions
with respect to the mean turbulent bulk for both the round and fractal jet. The align-
ment of w with ey, which is arbitrary in the mean bulk, appears to show a preference
for parallel alignment for the intense swirling case, which was linked before to enstro-

phy production. Hence, this confirms the findings of Buxton and Ganapathisubramani
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(2010), who suggested the highest enstrophy production rates would be in the intense
swirling regions. At z/D, = 2 (figs. 5.19a and 5.19b), despite the intense swirling regions
representing =~ 30% of the total volume investigated, there appears not to be significant
differences between the mean bulk turbulent flow and its intense swirling part. This is
consistent with the idea that the two interfaces are constraining the turbulent flow and

hindering the development of turbulent structures and vortex stretching.
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Figure 5.15: Example of turbulent lengthscales (a) constrained between the OTNTI and
the ITNTI and (b) unconstrained (Round jet, TPIV data and Rez = 10,000). The
turbulent area is shaded in light blue. (c) Pdf of the fluctuations of £, with respect to
its mean L.
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Figure 5.16: Alignment between the eigenvectors e; of the strain rate and the vorticity
unit vector w at x/D, = 2. Round jet (R) at the top and fractal jet (F) at the bottom.
The colour scheme represents |€; -w|, |€2-w| and |€5-w|. (TPIV data and Reg = 10, 000)
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Figure 5.17: Alignment between the eigenvectors e; of the strain rate and the vorticity
unit vector w at /D, = 10. Round jet (R) at the top and fractal jet (F) at the bottom.
The colour scheme represents |€; -w|, |€2-w| and |€5-w|. (TPIV data and Reg = 10, 000)
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Figure 5.18: Alignment between the eigenvectors e; of the strain rate and the vorticity
unit vector w at /D, = 25. Round jet (R) at the top and fractal jet (F) at the bottom.
The colour scheme represents |€; -w|, |€2-w| and |€5-w|. (TPIV data and Reg = 10, 000)
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Figure 5.19: Pdf of the alignment |€; - @| from the turbulent bulk (-) and from regions of

intense swirling A; > 3.5)%, (- -) (TPIV data, Reqe = 10, 000).
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5.4.5 Concluding remarks on the alignment |¢€; - w|

Having investigated the spatial evolution of the alignment |€; - | of the vorticity vector
with the eigenvector of the strain-rate tensor, now the influence of the angle of alignment
. = arccos(|€; - w|) is investigated, to verify how the changing angle affects dissipation,
enstrophy and strain production/destruction. This is done by calculating the pdfs of
5ij5ij. SijSjksSki and of w;s;;w;, conditioned to a specific range of angles of the alignment

of e1, e5 and e3. An interval of 10° is chosen for each pdf.

The evolution of s;;s;; is shown in fig. 5.20. It is found the role played by the alignment
of ey remains the same across the three volumes interrogated. Increasing the angle of
alignment of ey with @, s;;s;; has an increasingly intermittent behaviour as shown in
figs. 5.20d to 5.20f. However, since e has a higherer tendency of alignment with w, this
may imply this alignment is not the main driver of the increasing intermittency of s;;s;;
moving further downstream. Analysing ey, it found that at x/D. = 2 it counterbalances
the behaviour of ey showing an increasing intermittency together with an alignment be-
tween es and w, as shown in fig. 5.20a. However, at /D, = 10 and x/D, = 25 the pdf
remains approximately the same (figs. 5.20b and 5.20c). The opposite takes place for the
alignment of es. At /D, = 2, the pdf of s;;s;; is approximately the same across the range
of angles studied (fig. 5.20g), however it becomes less intermittent the more eg becomes
aligned in parallel with & (figs. 5.20h and 5.20i). Therefore, it is found that es maintains
the same behaviour at all streamwise locations and it is counterbalanced by e; near the
jet exit and by eg further away from it. This is somewhat surprising, since despite eg and
es having an opposite tendency of alignment across all regions studied, at z/D, = 2 es
is counterbalanced by e; instead, which is found to have the same tendency of parallel

alignment with eg.

Now, the same analysis is carried on in fig. 5.21 for —s;;s;isk. It is found that the
alignment of ez with w is responsible for characterising the intermittency of the strain
destruction. In fact, the positive tail of the pdf (figs. 5.21a to 5.21c) becomes less in-

termittent with increasing angle, whilst the negative tail (strain production) remains
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approximately the same. The other two eigenvectors e; and esz appear not to affect the
strain destruction, since the tails remain the same across all angles studied. Instead,
they show an opposite behaviour concerning strain production. At increasing alignment
of es with w, the intermittency of the strain production increases (figs. 5.21d to 5.21f),
which is counterbalanced by the opposite behaviour of the alingment between es and w
(figs. 5.21g, 5.21g and 5.21i). The data presented in figs. 5.20 and 5.21 are presented for

the round jet only for brevity, but the same behaviour is found for the fractal jet as well.

Now, the behaviour of w;s;;w; is examined in fig. 5.22. The intermediate eigenvector shows
an opposite behaviour compared to the other two. At increasing angle, the pdf of w;s;;w;
conditioned with e shows increasing intermittency (figs. 5.22d to 5.22f). Regarding the
other two eigenvectors, e; shows a decreasing intermittency with increasing ¢ (figs. 5.22a
to 5.22c). However, at x/D, = 25 greater changes appear to take place mainly on the
negative tail of the pdf (fig. 5.22¢). This is counterbalanced by the behaviour of es,
which shows changes mainly on the positive side of the tail (fig. 5.22i), whilst the trends
are comparable on the negative side. Therefore, it appears that the behaviour of e is
alternatively balanced by e; (mainly on the negative side) and ez (mainly on the positive

one).

Summarising, it is shown that an increasing angle of alignment of the extensive eigenvector
ey is responsible for reducing the intermittency of s;;s;; at all three streamwise locations
studied. Moreover, it also reduces the intermittency of the strain destruction and of both
enstrophy production and destruction. It appears however to not affect strain production.
Differently, an increasing angle of alignment of the intermediate eigenvector es appears
to increase the intermittency of s;;s;; at all three streamwise locations. Moreover, it is
found to substantially increase the intermittency of the strain production, whilst strain
destruction appears to be affected only at 2/ D, = 2, whilst it remains comparable at the
other streamwise stations. Further, the angle of e; appears to increase the intermittency
of both enstrophy production and destruction. Finally, an increasing angle of alignment
of the compressive eigenvector eg appears to reduce the intermittency of s;;s;; at all three

streamwise locations. The same takes place for strain production, however strain destruc-
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tion appears to be unaffected by this angle. Similarly, it reduces the intermittency of
enstrophy production at x/D, = 10 and x/D, = 25, whilst it marginally affects enstro-
phy destruction. At z/D, = 2, both enstrophy production and destruction appears to be
marginally affected, suggesting that at this location where the flow is constrained by the
two TNTIs the alignment between ez and w contributes in approximately equal manner
across all angles to enstrophy production. Later on, where the flow has space to develop,

at a decreasing ¢ will correspond a higher enstrophy production.

Having discussed various properties of the alignments between e; and w, now a further

insight into the microstructure of the turbulent fluid is sought.
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Figure 5.20: Pdfs of s;js;; for the round jet conditioned to various angles of alignment.

(TPIV data, Reg = 10,000).
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Figure 5.21: Pdfs of s;;5;55k for the round jet conditioned to various angles of alignment.
(TPIV data, Reg = 10,000). Legend as in fig. 5.20.
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5.4.6 Evolution of the symmetric and skew-symmetric parts of

the () — R invariants

The microstructure of the flow is examined by studying the symmetric and skew-symmetric

parts of the invariants. In fig. 5.23, the jpdf of —Qs and @, is examined. The axis —(@);

Round
8 Fractal L
.

_Qs/Qw

8 10 0 2 4 10 12 14 0 5 15 20

Qu/Qn Qu/Qn

Qu/
(a) /D, =2 (b) /D, = 10 (¢) x/D. =25

Figure 5.23: Jpdf of @, and @, for round and fractal jet (TPIV data and Res = 10, 000).
Isocontours range from 10~% to 10°.

represents points with a locally high rate of (irrotational) dissipation of turbulent kinetic
energy arranged in sheet-like structures (Ganapathisubramani et al., 2008; Buxton et al.,
2017). The axis @), represents instead the points associated with high enstrophy and
arranged in tube-like structures (Jiménez et al., 1993). At the 45° line there is a balance
of enstrophy and dissipation, where points are arranged in vortex sheets. As shown in
fig. 5.23a, at /D, = 2 there is an approximately equal percentage of points distributed
near the vertical axis, the horizontal axis and near the 45° line, suggesting a close balance
between irrotational dissipation (along the —@) axis), vortex tubes and vortex sheets.
Passing the turbulence production region at x/D, = 10 (fig. 5.23b), the most frequent
events approach the —(), axis, however this time the extreme events take place about
the @, axis. This indicates that regions of high (), are associated with solid body rota-
tion and little dissipation (da Silva and Pereira, 2008). The same behaviour is found at
z/D, = 25 (fig. 5.23c) as well, where an even greater amount of intense events is aligned

with the —(Q), axis. A similar behaviour was found by Ooi et al. (1999) for homogeneous
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isotropic turbulence and by Chong et al. (1998) in the wake region of a boundary layer
(DNS). Therefore, it appears that near the jet exit various types of vortical structures
coexist in a similar percentage, whilst moving further downstream there is a preference
for frequent events to be linked to irrotational dissipation and for extreme events to take

place as vortex tubes.

This evolution is not universal between turbulent flows. For example, Blackburn et al.
(1996) found a larger peak value at —@Q)s compared to @,, in the log-law region and wake
region of a turbulent channel flow, indicating the extreme events would more often be
linked to irrotational dissipation (along the —@Qs axis). Gomes-Fernandes et al. (2014)
found instead an equal distribution of points at the —@Q); and @, axes in their spatially-
developing grid-generated flow at all locations studied. Hence, the evolution of the —Q), —
Q. space, and hence the fine-scale topology of the flows, appears to vary based on the

type of flow studied.

Now the Q4R jpdf is examined in fig. 5.24 to analyse the local deformation of the
turbulent flow. The dashed line indicates various triples of the eigenvalues of the rate
of strain tensor which are linked to R, as R, = —s18253. As before, s; is the extensive

eigenvalue, s, is the intermediate one and s3 is the compressive one. In their works, various
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Figure 5.24: Jpdf of Q5 and Ry for round and fractal jet (TPIV data and Req = 10, 000).
Isocontours range from 1074 to 10°. In (a), the eigenvalues s; : so : s3 corresponding to
each dashed line are shown. Legend as in fig. 5.23.

authors suggested that the majority of events for a turbulent flow tends to align to regions
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corresponding to the triplets in the ratio3 : 1 : —4 or 2 : 1 : —3 (da Silva and Pereira, 2008;
Ooi et al., 1999; Soria et al., 1994; Blackburn et al., 1996; Ashurst et al., 1987). da Silva
and Pereira (2008) found that for their turbulent plane jet (DNS), the most frequent (and
lower |Qs|) events tended to have a ratio between their eigenvalues of 2 : 1 : —3, whilst
the high strain regions (higher |Qs|) of 1 : 1 : —2. This latter behaviour was found by
Gomes-Fernandes et al. (2014) as well for all the stations probed in their grid-generated
flow. At /D, = 10 and z/D, = 25, the present round and fractal jets appear to behave
in the same manner found by da Silva and Pereira (2008), where for the most frequent
events the ratio between the eigenvalues is 2 : 1 : —3, whilst for the high-strain regions of
1:1:—2. A different behaviour is however found at /D, = 2 in fig. 5.24a. It appears
that high strain regions are slightly more concurrent with strain destruction (Rs < 0)
than strain production (Rs > 0). Therefore, it appears that close to the jet exit the high
strain regions have no preference towards strain production/destruction, whilst further
away from the jet exit a clear tendency towards R > 0 is found, as in previous studies

and as suggested by the distribution of the eigenvalues in the pdfs in fig. 5.13.

Having discussed the flow topology of the jet, now its relationship with sy, intimately
related to vortex stretching Betchov (1956), is further examined. As discussed by Gomes-
Fernandes et al. (2014), if so is positive, there are two stretching directions and the flow
behaves locally like a jet parallel to e3 and impinging on a wall on the ejey plane (sheet-
forming structures). If sy is negative, the flow behaves locally as if entering a contraction
cone (tube-like structures). In fig. 5.13, it was found that from x/D, = 10 onwards s, had
a positive skewness (tube-like forming). This strain-rate is further studied considering

the normalised second eigenvalue s; (Ashurst et al., 1987) as

6:
55 = L (5.13)

\/S% —1—53 —|—s§

In fig. 5.25 and fig. 5.26 the relationship between s} and areas where ()5 and (), are large
is examined. As shown in fig. 5.25a and fig. 5.26a, at 2/ D, = 2 for regions of high strain

and rotation sj ~ 0 and the jpdfs show symmetry for positive and negative values of s3.
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Figure 5.25: Jpdf of s5 and Q) for round and fractal jet (TPIV data and Res = 10,000).
Isocontours range from 104 to 10°. Legend as in fig. 5.23.
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Figure 5.26: Jpdf of s5 and @), for round and fractal jet (TPIV data and Reg = 10, 000).
Isocontours range from 10~* to 10°. Legend as in fig. 5.23.

Therefore, it appears that at this location the flow has no preference for tube- or sheet-like
forming tendency. A similar finding regarding the relationship between ), and s} was
found by Gomes-Fernandes et al. (2014) at the peak of turbulence production for a grid-
generated flow. However, the authors found that sj was skewed towards positive values
when associated with large straining events. This tendency was increased in the turbulence
decay region, where the areas of high rotation were also associated with positive s3. This
behaviour is confirmed in figs. 5.25b, 5.25¢, 5.26b and 5.26¢, where s has a tendency to
be positive between 0.5 and 1 concurrently to both regions of high strain and enstrophy.
Therefore, the present findings, together with the work of Gomes-Fernandes et al. (2014),

suggest s5 has no preference towards positive or negative values until approximately the
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peak of turbulence production, after which it has an increasing skewness towards positive

values and hence vortex stretching.

So far, the jet’s turbulent properties have been studied within the whole turbulent bulk.
Now, their evolution from the interface towards the jet’s centre is investigated to study
how they evolve and how they differ from the mean bulk properties. This is initially done

by looking at the evolution of the jet’s microscales from the TNTT towards the turbulent

bulk.

5.5 Evolution of jet’s lengthscales from the TNTI

into the turbulent bulk

In early studies, Corrsin and Kistler (1954) suggested that the thickness of the TNTI
scaled with a viscous lengthscale (often assumed to be the Kolmogorov lengthscale n).
This point was later challenged by Bisset et al. (2002); Westerweel et al. (2005) who sug-
gested the TNTI would scale with the Taylor lengthscale instead. However, the literature
has not covered in which regions of the turbulent fluid these two lengthscales should be
calculated. Often, an average value of these two lengthscales has been calculated in the

turbulent bulk, however it was not established how these lengthscales vary locally from

the TNTT into the turbulent bulk.

Therefore, now the evolution of 77 and A is examined “locally”, to verify how they change
and if new local lengthscales better represent the thickness of the TN'TI. To do so, the two
local scales X; and #) are calculated at the interface location first and then in “slices” of
thickness 57 at various distances away from the TNTI in the following way: 07, 0 — 57,
5—10n, 10—157 and so on. Only the data points which are above the vorticity threshold
previously discussed are included in the calculation.The findings are also evaluated in
terms of the mean ratio between bulk Ay and 7 to verify if the local quantities vary across

the TNTT only or not. The ratio for the two jets at various streamwise distances is shown
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in fig. 5.27.
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Figure 5.27: Evolution of of the ratio between bulk A¢ and » for round (o) and fractal jet
(x) (Req = 10,000, TPIV data).

As shown in fig. 5.28, both by 7 and 7) vary significantly from the TNTI towards the turbu-
lent bulk. The greatest ratio between both lengthscales and their mean bulk value is at
the interface. At the three streamwise locations, by ¢ appears to evolve up to a distance of
Ay away from the interface, after which it reaches a plateau. This would therefore suggest
that the lengthscales evolve inside the TNTT of thickness Ay, however they do not vary
any more once the turbulent bulk is reached. The local 1 appears to take slightly longer
to reach a plateau compared to by 7. even though the most rapid changes takes place again

in a distance of A;.

Examining the relationship between the local length scales, the ratio between these two
scales changes based on the streamwise location and in general it increases from the TNTI
moving towards the turbulent bulk as shown in fig. 5.29a. At r; =~ 30 — 407, this ratio
decreases for the ITNTI and the OTNTI at z/D, = 2, however this could be due to the
fact that the points furthest away from one interface are approaching the other one. This
is also reflected in fig. 5.29b, where the evolution of the local Taylor Reynolds number

is examined. This is calculated as Rey, = '/ \r/v, where u, is the root-mean-square
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Figure 5.28: Evolution of (a) local Kolmogorov and of (b) local Taylor lengthscale for
round (o) and fractal jet (x) (Reg = 10,000, TPIV data).

of the streamwise velocity fluctuations calculated in the same region as by 7. As shown,
Re X increases with increasing distance from the TNTI, reflecting the behaviour of by 7/n.
This shows that there is a significant scale evolution from the TNTI moving towards the
turbulent bulk and that choosing the mean bulk value to describe the state of a turbulent

flow may not be representative.

Now the reason for such evolution is examined. The TNTI separates the non-turbulent
fluid from the turbulent one, acting like a “barrier” between the two types of flow. It may
thus be hypothesised that the TNTI has a similar role to a wall in a turbulent boundary
layer, which would lead to an increase of the small-scale anisotropy of the flow near the
TNTI. Hence, this would affect the velocity gradients and as a consequence €, Ay and 7,
since the interface normal direction, similarly to the wall-normal direction of a turbulent
boundary layer, is highly anisotropic. Bechlars and Sandberg (2017b) showed that, for a
compressible boundary layer, the wall-normal velocity gradient (and hence its anisotropy)
would be dominant at the wall with respect to the other terms of the velocity gradient
tensor and it would decrease moving away from the viscous sublayer. In section 5.4.3, it

was discussed that the TNTT acts a like a barrier to the development of the turbulent
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Figure 5.29: Evolution of (a) X;/7 and of (b) Rey, for round (o) and fractal jet (x)
(Reg = 10,000, TPIV data). The legend is the same as fig. 5.28

properties. Therefore, the state of anisotropy is examined through three ratios K;

(Ouy/0x)? % :2(8%/83:)2 % :2(8%/83:)2

K] = 2—, 2 _ 3 — Y
(Ou, /0x)? (Oug/0x)? (Ouy/Or)?

(5.14)

to verify how the velocity gradients evolve from the TNTI towards the turbulent bulk.

As shown in fig. 5.30, the anisotropy is greatest at the interface location at all streamwise
locations and for all the three K;. The trends of K; and K, appears to decrease moving
further downstream, as expected due to the reduced influence of the coherent structures,
however an isotropic state where K; = 1 is not yet reached for all ratios. Moreover,
at #/D, = 2 the flow is constrained by the presence of two TNTIs as discussed in sec-
tion 5.4.4, which may not leave enough space to the flow to recover any “bulk” isotropy. In
general a plateau or a constant trend is found after a distance of A¢. It appears that these
anisotropy ratios vary mainly inside the TNTT as by ¢ and 7. Therefore, this suggests that
the local quantities are strongly influenced by the anisotropy of the flow especially inside
the TNTT since it acts like a “wall”, constraining the movement of the flow. However, out-

side the TNTI, the ratios stabilise suggesting that away from the TN'TT averaging across

155



the turbulent bulk may still work to estimate the lenghtscales of the flow. Another way to
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Figure 5.30: Evolution of (a) Ki, (b) Ky and (¢) K3 for round (o) and fractal jet (x)
(Req = 10,000, TPIV data). The legend is the same as fig. 5.28

evaluate these K; would have been extrapolating points that would be perpendicular or
parallel to the interface to calculate the corresponding velocity gradients. However, this
proved challenging due to the choice of a r — 0 field of view and the wrinkled interface,
which would require interpolating across the field of view. Therefore, this work is left to
potentially future studies conducted on a field of view longitudinal to the jet exit, where
the points perpendicular to the TNTI would be measured directly. This point is further

discussed in chapter 6.

5.6 Small scale evolution across the TNTI

So far, this study has focused on the differences between regions of the flow located at
various streamwise locations. Now, the evolution of some of the jet’s properties across
the TNTI is examined. This is done by recalculating some of the properties at the jet
interface and then in regions at a certain distance away from the interface. The intervals
chosen were as before 0 — 57, 5 — 107, 10 — 157 and so on up to 55 — 60 7. An example
is shown in fig. 5.31. It is noted that due to the low spatial resolution the findings in the

near field of the jet may appear filtered with respect to the stations further donwstream.
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Figure 5.31: Example of an area probed between 15-207 at x/D, = 2 (black). The ITNTI
is shown in red and the OTNTT in blue (Round jet, TPIV data, Reg = 10,000).

In fig. 5.32, the evolution of —s;;s;xsy; is examined. At z/D. = 2, it is found the pdfs
have the same shape in regions greater than approximately ~ A; as shown in figs. 5.32a
and 5.32b. At x/D, = 10 and x/D, = 25, the pdfs have the same negative tail (strain
destruction) for regions greater then 5n. However, an evolution of the positive side (strain
production) is found and the pdf appears to have the same behaviour for regions greater
than = Ay (figs. 5.32c and 5.32d). Therefore, it appears that the evolution of the jet
properties across the TN'TT only takes place for the first A; away from the interface, after
which the jet properties remains comparable. This is in agreement with other works, like
the study on a turbulent boundary layer of Bechlars and Sandberg (2017b) who found
that the turbulent properties varied significantly near the wall, further showing the “wall”

behaviour of the T'NTI.

The relationship between strain and enstrophy production across the interface is examined
in fig. 5.33. It is found that the jpdf evolves rapidly from the interface towards the
turbulent zone. At z/D, = 2, it is found that at the interface there is an almost equal

distribution of strain-only and enstrophy-only events (figs. 5.33a and 5.33b). Further
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downstream, the jpdf stretches across the w;s;jw; axis moving into the turbulent zone,
whilst the extension of strain-dominated regions appears to not vary as much (figs. 5.33¢
and 5.33d). Along the —s;;s,;i5k; axis, the jpdfs appears to extend on the strain production
side only, whilst they remain comparable on the destruction one. Again, it is found that

the contours of the jpdfs starts collapsing at ~ Ay away from the TNTI.

Now the evolution of the jet properties across the TNTT are examined in terms of the jpdf
of @) and R. The data presented in fig. 5.34 suggests that at ~ A; the contours become
comparable between the evolving TNTI and the turbulent bulk region. Examining in
detail the contours at the interface location, it is found that at /D, = 10 and /D, = 25
all the points are associated with ) < 0, indicating that strain dominates over enstrophy
at the TNTI. This finding is consistent with the analysis of da Silva and Pereira (2008),
who found the same behaviour at the interface location of a plane jet obtained from a
DNS of spatial resolution of 2.1n. Therefore, this study suggests even a coarser spatial

resolution allows identifying the small scale topology at the TNTT.

A final analysis is conducted to evaluate the topology associated with the dissipation
of turbulent kinetic energy in fig. 5.35. At the interface location (magenta contour)
at */D. = 10 and /D, = 25, the majority of points are aligned with the —Q; axis,
indicating irrotational dissipation (figs. 5.35¢ and 5.35d). This finding is consistent with
the plane jet studied by da Silva and Pereira (2008). Despite the low spatial resolution,
a tendency towards strain dominated regions is found at x/De = 2 as well, as shown in
figs. 5.3ba and 5.35b. Moving inside the turbulent zone, all jets show an increase of events
associated with @),,. Again, at approximately Ay the contours are superimposed and they

approximate the behaviour found previously in the bulk turbulent region of the jets.

Summarising, it has been found that the contours of the jpdf of various microscales
properties becomes the same at approximately Ay. Therefore, these finding suggests the
microscale properties vary inside the turbulent sublayer, which scale with A;. After that,
the microscale properties remains the same as in the turbulent bulk at each streamwise

location. Therefore, the present work suggests that the thickness of the TNTT scales with
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A¢, which differs from the recent findings of Silva et al. (2018) (who suggested a thickness
of ~ 17n), but which is in agreement with previous works conducted on other turbulent
flows like wakes (Bisset et al., 2002), jets (Westerweel et al., 2005), mixing layers (Attili

et al., 2014) and boundary layers (Chauhan et al., 2014b; Borrell and Jiménez, 2016).

5.7 Chapter summary

In this chapter, the evolution of the TNTI and of the small scale dynamics has been
examined. It was found the break-up of the coherent structures affects the tortuosity of
the ITNTT in the near field and also reduces the thickness of the OTNTT in the near field.
However, the fluctuations of 7 with respect to its local mean value appear to be comparable
for the round and fractal jets if the interface is moving towards the turbulent side, whilst
they vary if the TNTT moves towards the non-turbulent one. Overall, it is found that the
different exit geometries highly affect the radial excursions of the ITNTI rather than the
OTNTI. Despite such differences, the velocity fluctuations at both ITNTI and OTNTI
appear to be comparable in the near field for both round and fractal jets. Using a box-
counting technique, it was verified that the TNTI follows a scaling of N ~ By 6/5 i1 the

regions studied, whilst only the fractal jet appears to start approaching the Kolmogorov

¢ 6/5

scaling in the “weakly self-similar” region. Despite N ~ Bs " has been linked before to
the presence of non-equilibrium dissipation, the fractal jet was found to have both this

type of dissipation and a Kolmogorov scaling.

An analysis of the microstructure of the jet indicated that, in the near field, turbulence is
constrained between the I'TNTT and of the OTNTT. This inhibits the background non-local
strain field, which is further demonstrated by the fact that at 2/D, = 2 the microscale
structure of the jet can be modelled with the restricted Euler equation, in which II;; is
diagonal. Further, the alignment |€; - @| is studied at the various streamwise locations,
finding the role played by the three eigenvector in affecting s;;s;;, —si;5x5k; and w;s;;w;.

Comparing the present work with the one of Gomes-Fernandes et al. (2014), it is confirmed
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that the ) — R jpdf unfolds from the turbulence production region moving towards the
far field. Other similarities are represented by the initial balance between production and
destruction of strain and enstrophy and by the evolution of s3. However, some differences
are present in the near field, where for a round jet there are two TNTIs and the flow is
initially not fully turbulent. In fact, the symmetrical jpdf of @ — R at x/D, = 2 was not
found by Gomes-Fernandes et al. (2014). Moreover, the authors found a balance between
the pdfs of s; and s3 across all stations studied, whilst in the present work this is found
in the near field only and later on the pdf of s, is different from s3. This may indicate

that the behaviour of the eigenvalues is flow-dependent.

The analysis then moved towards understanding how the scales varied from the TNTI
into the turbulent bulk. It was found that there is a substantial change of A s and 7 due
to the high anisotropy at the interface. It appears a distance of \; is necessary for the
lengthscales to have a comparable value spatially. The chapter is concluded looking at
the evolution of the microscale structure from the TNTI into the turbulent bulk. It is
found that in most cases the the pdfs and the contours of the jpdfs start collapsing after
a distance of Ay away from the TNTI, suggesting therefore the microscale structure of the

jet evolves across the interface and then becomes comparable in the turbulent bulk.

Overall, it appears that breaking up the coherent structures does not affect the fine scales
of the flow, which remains comparable between round and fractal jets. The evolution of
turbulent properties also takes place across a distance of Ay for both jets, indicating that
the initial conditions may only impact large scale phenomena like mixing, whilst the fine

structure of the flow remains unaltered.
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Figure 5.32: Evolution of s;;s;S,; across TNTI (TPIV data, Reg = 10,000). The data
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too. The legend in (d) is valid for the rest of the plot of this section.
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Figure 5.34: Jpdf of Q and R, at a isocontour of 1072 for the round jet (a comparable
behaviour is found for the fractal jet as well). (TPIV data and Reg = 10, 000).
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Figure 5.35: Jpdf of —Q, and @Q,,, at a isocontour of 10~ for the round jet (a comparable
behaviour is found for the fractal jet as well). (TPIV data and Reg = 10, 000).
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Chapter 6

Conclusions and future work

6.1 Conclusions

This thesis has experimentally investigated the role of the coherent structures in the near
field and in the evolution of an axisymmetric turbulent jet. This was achieved by sup-
pressing the coherent structures at the jet exit with the aid of a fractal exit geometry.
Flow visualisation enabled an immediate identification of the suppression of the Kelvin-
Helmholtz vortex rings. Subsequently, calculating two-point correlations of the velocity
fluctuation it was possible to further quantify this phenomenon through the lack of a
negative anti-correlation of the radial velocity fluctuations in the streamwise direction,
representative of coherent azimuthal vorticity. This was further studied with the aid of
tomographic PIV, which indicated that the fractal geometry did indeed break the az-
imuthal component of vorticity and led to the formation of opposite-signed patches of
mean vorticity for the radial and streamwise components. Moreover, it was verified that
both fractal and square geometry would show axis-switching, indicating it is indepen-
dent of the state of the coherent structures and that an important role is played by the

streamwise vorticity in allowing it to take place.

Further examining the near field, it was found that the suppression of the Kelvin-Helmholtz

vortex rings causes a delay of the evolution of the jet properties, as shown by the exten-
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sion of the turbulence production region for the fractal jet. It was therefore hypothesised
that some of the jet properties would scale in terms of N, , the number of eddy turnover
times undergone in the time taken by the flow to advect a distance x. The fractal jet
was found to develop more slowly, particularly at higher Regs. Moreover, it was found
that after a distance of N, ~ 4, many of the jet properties become comparable. These
include the local entrainment d@/dx and the radial terms of the time-averaged momen-
tum equation, whilst the streamwise ones appears to take longer to reach the same trend
between the different jets. Further, it is found that despite the fractal geometry reducing
the entrainment in the near field, the different jets have the same spreading rate in the
far field at Reg = 10,000. However, this seems to happen only at this particular Reg,
since at Reg = 3,000 where the coherent structures are more pronounced, the round jet
was found to grow at a faster rate. The last section of chapter 4 dealt with the scaling
laws of the jet, where it was analytically hypothesised that non-equilibrium dissipation
could coexist with self-similar mean velocity and Reynolds stresses. This was verified
experimentally, with the aid of planar PIV and hot-wire data. This specific region, where
non-equilibrium dissipation was concurrent to self-similar scalings, was renamed “weakly

self-similar”.

The last part of the thesis (chapter 5) has focused on the TNTI and on the microscale
structure of the jet. It was verified that in the near field, where OTNTI and ITNTI
are present, the interfaces have the same radial excursions when they move towards the
turbulent fluid, whilst when they move towards the non-turbulent one differences are
found at the ITNTI only. However the coherent structures are found to increase the
thickness of the OTNTI in the near field, whilst the ITNTI remains comparable. The
TNTI was then further characterised at various streamwise locations looking at the fractal
dimension using the “box-counting” technique. It was found that the TNTI does not
follow the Kolmogorov scaling, but rather one that was previously found together with

non-equilibrium dissipation.

The analysis then moved to the micro structure of the jet. It was found that the Q@ — R

jpdf would unfold into a tear-drop shape moving from the near field towards the far field.
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At z/D, = 2, the presence of two interfaces (the ITNTI and the OTNTT) meant that the
turbulence would be somewhat constrained and therefore the non-local background strain
effects would be hindered. The flow in this region would therefore be well modelled by the
restricted Euler equation, where the pressure Hessian II;; was assumed to be diagonal.
Later on, where the turbulence had sufficient space to develop, the non-diagonal part
of II;; would become important again and the restricted Euler equation proved to be
ineffective in modelling the flow. A further characterisation allowed understanding the
role played by the alignment |é; - w| in promoting the intermittency of s;;s;; and of the
strain and enstrophy production/destruction. The last part of the chapter focused on the
evolution of the jet lengthscales from the TNTI moving into the turbulent bulk. Due to
the high anisotropy at the interface, it was found that the “local” Kolmogorov and Taylor
lenghtscales vary significantly from the TNTI moving towards the turbulent bulk. This
was found also in the jpdf of ) and R calculated in various regions of the flow. In general,
it was found that the jet properties would evolve across a distance of one longitudinal
Taylor lengthscale Af, after which they would be comparable to the ones calculated in
the mean turbulent bulk. This therefore suggests that the TNTI has a thickness of one
longitudinal Taylor lengthscale, in agreement with previous literature on wakes (Bisset
et al., 2002), jets (Westerweel et al., 2005) and other shear flows (Hunt et al., 2006).
Surprisingly, the fine scales of round and fractal jet were found to behave in a comparable

manner, suggesting that they are unaltered by the state of the coherent structures.

6.2 Future Work

This thesis has discussed the presence of non-equilibrium dissipation, the structure of the
TNTT and it has provided some insights into the flow behaviour when it is constrained
between two boundaries at z/D, = 2. The conclusions has pointed to the possibilities of

further studies, of which a brief summary is given here:

o Fddy turnover time: it was shown in chapter 4 that many of the jet properties would
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be comparable for the different jets once a certain number of N, had overturned.
Despite many studies in the past having investigated the far field of jets and other
shear flows, this study has pointed back to the importance of the initial conditions.
In fact, since many of the jet properties become comparable after a certain number
of N.,, knowing the initial conditions of a turbulent flow would allow predicting its
evolution up to the self-similar state. This study has covered a single type of flow
and Reg, however it would be certainly of great interest understating if a similar
evolution in terms of eddy turnover times take place for other turbulent flows and

better understanding the initial conditions which then will determine its evolution.

Restricted Fuler equation: it was verified in chapter 5 that, for both round and
fractal jets, the restricted Euler equation is effective in modelling the flow behaviour
in the near field. This may be due to the limited space available for the turbulent
structure to develop but also to the importance of the large scale and coherent
motions in this region of the flow. It may therefore be of interest verifying if such
equation works in other turbulent flows, at least where the coherent structures are
dominant and II;; can be modelled as diagonal, evaluating the conditional mean
trajectories in the Q- R space. Finally, from that it would be interesting to observe

the influence of the inhomogeneity on the non-diagonal part of II;;.

Non-equilibrium dissipation: it was verified in chapter 4 that non-equilibrium dissi-
pation was present in the weakly self-similar region of the jet. However two points
were yet not covered by this study. One is how the dissipation evolves for an axisym-
metric jet from the near field to the weakly self-similar region. The other regards how
the jet transitions from a non-equilibrium to a “classical” dissipation. In fact, when
an axisymmetric jet is self-similar Rey, = constant, therefore it may be of interest
understanding how the self-similar C. and Re,, is related to the near field coherent
structures and how the two quantities are linked between each other. Moreover, it
was suggested by Zhou and Vassilicos (2017) that non-equilibrium dissipation affects
the fractal scaling of the TN'TT and, as a consequence, it may impact the entrainment

rate. Hence, it is certainly of interest understanding how small scale entrainment
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processes (nibbling) are affected by this type of dissipation scaling. Moreover, at
x/D, = 25 it was found that the fractal jet had non-equilibrium dissipation con-
current to a Kolmogorov scaling of the TNTI. Hence, a deeper understanding of

the transition towards a Kolmogorov fractal scaling is needed to establish how this

affects the behaviour of the TNTTI.

Behaviour of the TNTI as a “wall”: it was discussed in chapter 5 that the TN'TT acts
like a “wall”, constraining the development of turbulent properties in the near field.
This was further evidenced by the increased anisotropy at the edge of the interface,
where 7 and b 7 were found to be significantly greater than their mean bulk value. An
increased anisotropy was measured at the wall for boundary layers by Bechlars and
Sandberg (2017a), however it has been found for boundary layers that 1 reduces at
the wall rather than increasing. Therefore, it would be interesting to further explore
the similarities between a wall and a TNTI, determining if the different behaviour
of the microscales is due to, for example, the viscous diffusion of vorticity across the
interface or by other phenomena. Moreover, further work could be focused on the
anisotropy of the TNTT itself conducting a tomographic PIV experiment on a volume
placed longitudinally to the jet exit, allowing an accurate study of the anisotropy
ratios calculated from the velocity-gradient components locally perpendicular and

parallel to the TNTI, rather than in a radial and azimuthal direction.
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