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This thesis aims at gaining fundamental understanding of the large scale structures in the near field of turbulent round jets. First, a specific interaction between vortex rings and streamwise vortices within the shear layer is explored. The result of this interaction is hypothesized to manifest itself in a radial organization of streamwise vortices, as opposed to the azimuthal one reported in the literature. High-speed stereo particle image velocimetry (HS-SPIV) is performed in a cross-sectional plane, two diameters downstream of the nozzle exit. The strength of the vortex rings is varied through axisymmetric(azimuthal wavenumber m=0) excitation and the resulting organization of streamwise vortices is monitored. It is found that as the relative strength between the rings and streamwise vortices increases, the organization of the latter vortices gradually shifts towards azimuthal array, thus corroborating the above mentioned hypothesis. The results confirm the influence of streamwise vortices on the weaker vortex rings formed in round jets at high Reynolds numbers. Next,a simple model is built to isolate and study the above interaction using numerical simulations. In this regard, first the evolution of an isolated vortex ring is studied. This ring is then placed in a mean shear of a jet. A comparison between the evolution of the ring in the presence and absence of shear provides insights into the role played by shear in the vortex ring breakdown.

As a second part, the HS-SPIV data is further analyzed to characterize streaks in turbulent round jets, and their co-existence with vortex rings and streamwise vortices is explored. The results indicate that streaks are found in the outer edge of the shear layer where they remain almost steady, while the convecting system of vortex rings and streamwise vortices feed them by ejecting fluid outwards from the jet core. Strengthening the vortex rings through forcing is not seen to significantly alter the presence of the streaks, suggesting an almost decoupling between the two.

At last, different m=0 modes in the near field of round jets are studied, to highlight the differences between the so-called "jet preferred mode" and the most-energetic mode (corresponding to the passage frequency of rings). Hot-wire anemometry measurements at different axial locations and the HS-SPIV data at two diameters indicate that the two modes have different radial structures. It is also found that exciting the jet at its most energetic mode could provide higher spreading rates than the jet preferred mode for the same input forcing level.

Résumé in French

Cette thèse contribue aux connaissances fondamentales sur les structures à grande échelle dans le champ proche des jets ronds turbulents. Tout d'abord, une interaction spécifique entre les anneaux tourbillonnaires et les tourbillons longitudinaux dans la couche de cisaillement est explorée. Le résultat de cette interaction est supposé se manifester par une organisation radiale des tourbillons longitudinaux, par opposition à leur réseau azimutal rapporté dans la littérature. Des mesures par PIV stéréoscopique à haute cadence sont effectuées dans un plan transversal, deux diamètres en aval de la sortie de la buse. L'intensité des anneaux tourbillonnaires est modifiée par une excitation axisymétrique (nombre d'onde azimutal m=0) et l'organisation résultante des tourbillons longitudinaux est caractérisée. On constate qu'à mesure que la force relative entre les anneaux et les tourbillons longitudinaux augmente, l'organisation de ces derniers se déplace progressivement vers le réseau azimutal, ce qui corrobore l'hypothèse mentionnée ci-dessus. Les résultats suggèrent l'influence des tourbillons longitudinaux sur les anneaux tourbillonnaires, plus faibles, formés dans les jets ronds à des nombres de Reynolds élevés. Un modèle simple est ensuite construit pour isoler et étudier l'interaction ci-dessus à l'aide de simulations numériques. À cet égard, l'évolution d'un anneau tourbillonnaire isolé est d'abord étudiée. Cet anneau est ensuite placé dans le cisaillement moyen d'un jet. Une comparaison entre l'évolution de l'anneau en présence et en absence de cisaillement permet de comprendre le rôle joué par le cisaillement dans la rupture de l'anneau tourbillonnaire.

Dans un deuxième temps, les données de PIV stéréoscopique à haute cadence sont analysées plus en détail pour caractériser les stries dans les jets ronds turbulents. Leur coexistence avec les anneaux tourbillonnaires et les tourbillons longitudinaux est étudiée. Les résultats indiquent que les stries sont situées dans le bord extérieur de la couche de cisaillement, et y sont quasi-stationnaires, tandis que le système convectif formé par les anneaux tourbillonnaires et les tourbillons longitudinaux les alimente en éjectant du fluide vers l'extérieur du jet. Le renforcement des anneaux tourbillonnaires par forçage ne semble pas modifier de manière significative la présence des stries, ce qui suggère un quasi-découplage entre les deux.
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Jet flows are present everywhere, from the water streaming out of a water-tap to astrophysical jets. In the simplest words, a jet flow can be seen as a stream of fluid exiting from a source of momentum into the ambiance of the same or different quiescent or moving fluid. This stream spreads outwards without the action of any external forces as it moves, entraining the ambient fluid into it. The ones we are interested in the current work are those found in aerospace applications such as jet propulsion and combustion. In combustors, better mixing of chemical species is necessary in order to achieve higher combustion rates, thereby lowering the emission of pollutants. Whereas for jet propulsion, the problems of interest include increasing spreading rate of engine exhausts (which are in the form of jets) to suppress infrared signature and reduction of jet noise, an engineering challenge since more roll up of the shear layer into vortex rings streamwise vortex breakdown into smaller scales Fig. 1.2 Visualization of a turbulent round jet at a Reynolds number, 𝑅𝑒 = 5500 obtained through laser induced fluorescence technique Liepmann and Gharib (1992). nozzle exit. In this section, an introduction to turbulent jet flows is provided along with a literature review highlighting major contributions on the understanding of the near field of turbulent jets from a vorticity dynamics point of view. In the end, we propose a synthesis of the current state-of-the-art on the subject and present the objectives of the current thesis and its organization.

Physics of turbulent round jets

Jet flows are spatially evolving flows that belong to the broader class of free shear flows (or boundary-free flows) that include mixing layers, jets and wakes. A brief introduction and comparison between the different individual flows can be found in [START_REF] Holmes | Turbulence, coherent structures, dynamical systems and symmetry[END_REF], section 2.4). As described in (Liepmann and Gharib, 1992, pg. 644), a round jet behaves similar to an axisymmetric mixing layer in its initial evolution stage. This stage consists of vortices as the building blocks of the flow, that interact and break down into smaller structures further downstream leading to turbulence. It all begins with the presence of an inflexion point in the mean velocity profile, which makes it susceptible to the Kelvin Helmholtz instability. This implies that any lateral displacement of the shear layer gets amplified due to the generation of lower pressure on the convex side, resulting in a linear growth of the disturbance (Michalke, 1984). Following this, non-linear saturation then leads to the roll-up of the layer in the form of "rollers" or "vortex rings" (for a round jet). Alongside, secondary instabilities also develop that amplify three-dimensional perturbations in the region between the rollers (generally referred to as the "braid region") giving rise to streamwise vortices [START_REF] Bernal | Streamwise vortex structure in plane mixing layers[END_REF][START_REF] Lasheras | Three-dimensional instability of a plane free shear layer: an experimental study of the formation and evolution of streamwise vortices[END_REF][START_REF] Lin | The mixing layer: deterministic models of a turbulent flow. part 3. the effect of plane strain on the dynamics of streamwise vortices[END_REF]Martin and Meiburg, 1991). Figure 1.2 summarizes this description through a visualization of a round jet at a Reynolds number, 𝑅𝑒 = 5500 (Liepmann and Gharib, 1992). A jet starts to differ from a mixing layer further downstream as the potential core in the jet ends i.e. the centerline mean velocity starts to decay typically after four jet diameters, thereby reducing the mean shear. Whereas in the mixing layer, the velocity difference between the two fluids remains constant supporting the near-field structures. A huge amount of literature exists for mixing layers, and plane jets; most of these results have been explored in the context of round jets as well. This will become evident in the rest of this introduction, as we discuss works on both mixing layers and jets below.

From a vorticity dynamics point of view, the above process can be seen as follows: the vorticity present in the incoming boundary layer starts concentrating into azimuthal rollers and some vorticity is left behind in the region between the rollers, i.e. the braid region. The braid vorticity gets stretched under the intense strain field of the rollers and aligned in the axial direction, forming streamwise vorticity. [START_REF] Lin | The mixing layer: deterministic models of a turbulent flow. part 3. the effect of plane strain on the dynamics of streamwise vortices[END_REF] found in mixing layers, that this streamwise vorticity collapses into oppositely rotating streamwise vortices. Various studies have elucidated the existence of streamwise vortices in round jets and their contribution to jet mixing and entrainment (Martin and Meiburg, 1991;Liepmann and Gharib, 1992;[START_REF] Verzicco | Direct simulations of the transitional regime of a circular jet[END_REF]. Now, we shall look more precisely at the jet flow under consideration. An axisymmetric jet exiting from a nozzle of exit diameter, 𝐷 with a top hat profile of velocity, 𝑈 𝑗 is shown in the figure 1.3. The jet exits into the ambience of the same fluid at rest. Under ideal experimental conditions, it can be completely defined by the diameter based Reynolds number, 𝑅𝑒 = 𝑈 𝑗 𝐷/𝜈. However, numerous studies (Zaman, 2012;[START_REF] Bogey | Large-eddy simulation of the flow and acoustic fields of a reynolds number 10 5 subsonic jet with tripped exit boundary layers[END_REF] have shown that the initial conditions such as the nature of the boundary layer, initial momentum thickness etc. can have significant effect on the downstream evolution.The flow is statistically stationary and axisymmetric, i.e. the statistics depend only on the axial, 𝑧 and radial, 𝑟 coordinates but not on the azimuthal, 𝜃 direction or time, 𝑡. The evolution of the jet can be characterized by the presence of the potential core, as shown in figure 1.3 and the surrounding shear layer with an initial momentum thickness, Θ at the nozzle exit. The shear layer spreads and penetrates into the core and the mean centreline velocity starts to decay after the end of the potential core. The top hat profile at the nozzle exit evolves into a Gaussian profile in the far field of the jet. This distinguishes several regions of interest in a jet, viz. the near field (that consists of the potential core), intermediate region (where the flow is transitioning to fully developed turbulence) and the far field region (where the jet attains self-similarity). The streamwise extent of these regions depends on the initial conditions, nevertheless it is seen that generally the length of the potential core is between 4 to 6 𝐷, and the self-similarity of the mean field is achieved beyond 30 𝐷 [START_REF] Pope | Turbulent flows[END_REF]. Studying each of these regions has specific applications like the near field region for controlling mixing and entrainment, far field with regards to jet noise and detailed works can be found focusing on each of these regions in different articles. In this PhD, we focus on the near-field of round jets.

Coherent structures approach to studying turbulent jets

The classical approach to studying turbulent flows is based on a statistical view of turbulence, that considers turbulence to be of purely random nature. With the discovery of orderly structures starting from the work of [START_REF] Townsend | Measurements in the turbulent wake of a cylinder[END_REF], another approach based on quasi-deterministic vortex structures has helped to gain further insights. [START_REF] Lumley | Whither turbulence? Turbulence at the crossroads[END_REF] serves as a useful resource on the initial ideas on this paradigm shift in the broader approach to solving the problem of turbulence, that occurred in the latter half of the twentieth century. [START_REF] Lumley | Coherent structures in turbulence[END_REF]; Hussain (1986) include some discussions on coherent structures in general. A recent review of such an approach for wall-bounded turbulence can be found in [START_REF] Jiménez | Coherent structures in wall-bounded turbulence[END_REF].

For turbulent jets, the seminal work of Crow and Champagne (1971) established that the shear layer of a jet can support orderly structures and its near-field can be controlled by axisymmetric excitation. With this approach as well, two schools of thought exist, one from vorticity dynamics perspective and the other from hydrodynamic stability analysis. Works by Zaman and Hussain (1980); Hussain (1986) have followed the former technique of educing coherent structures from the vorticity field in round jets. The basic idea is to view the near field to consist of coherent structures as the building blocks of the flow and to study their evolution, interactions and break down towards turbulence generation. [START_REF] Corcos | The mixing layer: deterministic models of a turbulent flow. part 1. introduction and the two-dimensional flow[END_REF]; [START_REF] Corcos | The mixing layer: deterministic models of a turbulent flow. part 2. the origin of the three-dimensional motion[END_REF]; [START_REF] Lin | The mixing layer: deterministic models of a turbulent flow. part 3. the effect of plane strain on the dynamics of streamwise vortices[END_REF] sought to develop deterministic models to understand the near field evolution of mixing layers. On the other hand, the stability analysis perspective, views a turbulent jet to consist of coherent structures in terms of instability waves of the turbulent mean flow. This approach can be found in the works of Michalke (1984); [START_REF] Gudmundsson | Instability wave models for the near-field fluctuations of turbulent jets[END_REF] to name a few. A review of this approach can be found in [START_REF] Ho | Perturbed free shear layers[END_REF].

Coherent structures in the form of vortices can be easily visualized in low 𝑅𝑒 jets that have initially laminar boundary layers (Liepmann and Gharib, 1992;Crow and Champagne, 1971). With tripped boundary layers or higher 𝑅𝑒 jets, the resulting turbulence in the shear layer obscures these structures, rendering their direct visualization difficult. Also, the turbulence in the exiting boundary layer causes spatial and temporal 'jitter' in the formation of the vortices. This is evident in figure 1.4 which presents Schlieren images of the near field of round jets with initially laminar and tripped boundary layers. The roll-up of the shear layer is clearly visible in the initially laminar jet and the subsequent development as opposed to the one with tripped boundary layer.

One way to raise the underlying order above the background turbulence is to employ external excitation (Crow and Champagne, 1971). Low levels of axisymmetric excitation can enforce regularity in the vortex formation, thus facilitating their study through techniques such as phase averaging for instance (Zaman and Hussain, 1980). Figure 1.5 shows this effect of excitation. The roll-up of the shear layer is seen to occur further upstream and the vortex rings are found to sustain for longer distances when the jet is excited. Also, it is interesting to see that the wavy instability which develops on the core of the rings in the unexcited case, is attenuated by excitation.

On the other hand, higher levels of axisymmetric excitation were also used in several studies as a means to apply active control strategies to control the downstream evolution of jets, for instance in Crow and Champagne (1971); [START_REF] Zaman | Turbulence suppression in free shear flows by controlled excitation[END_REF]; [START_REF] Ho | Subharmonics and vortex merging in mixing layers[END_REF], thus can potentially cause strong modifications of the jet physics. In this context of active control using excitation, the non-dimensional frequency of excitation based on nozzle diameter and exit jet velocity, 𝑆𝑡 has been seen to play an important role (Crow and Champagne, 1971;Moore, 1977;[START_REF] Zaman | Turbulence suppression in free shear flows by controlled excitation[END_REF]. In excited jets, Crow and Champagne (1971) found a 𝑆𝑡 (= 0.30) which received the maximum amplification along the jet centerline near the end of the potential core and defined it as the 'jet preferred mode'. Since then several works such as [START_REF] Gutmark | Preferred modes and the spreading rates of jets[END_REF]; [START_REF] Petersen | On the preferred mode of jet instability[END_REF]; [START_REF] Mair | Jet preferred mode vs shear layer mode[END_REF] have explored the properties of the jet preferred mode and its relation to the 'shear layer mode' that corresponds to the roll-up frequency of the shear layer (Zaman and Hussain, 1980), or the 'most energetic axisymmetric mode' (Jung et al., 2004). The latter part remains as an open question to date.

Another way to educe coherent structures in statistically stationary turbulent flows is through spectral proper orthogonal decomposition, (SPOD) (see e.g. Towne et al. (2018)). This technique extracts the most energetic structures based on turbulent kinetic energy. Several works such as Citriniti and George (2000); Jung et al. (2004); [START_REF] Iqbal | Coherent structure in a turbulent jet via a vector implementation of the proper orthogonal decomposition[END_REF]; [START_REF] Schmidt | Spectral analysis of jet turbulence[END_REF] have studied the dominant modes and their evolution in the streamwise direction in high 𝑅𝑒 round jets. Citriniti and George (2000) reconstructed the axial velocity in a jet with tripped boundary layer using the most energetic SPOD mode and deduced different events in a cross-sectional plane three diameters downstream of the nozzle exit. A similar approach based on extracting coherent structures (Citriniti and George, 2000) and deducing vortical structures Hussain (1986), has been adopted in the current work. Leap frog kind [START_REF] Glauser | The dynamics of organized structures in the axisymmetric jet mixing layer[END_REF] b) vortex ring break down through azimuthal instabilities and c) vortex pairing (Hussain, 1986).

Vortical interactions in the near field

From a vorticity dynamics point of view presented above, it is interesting to next look at some of the possible ways through which these structures break down and transition to turbulence. A rich dynamics exists in the near field of jets due to these interactions, as they play a significant role in mixing, entrainment and noise production in the near field of jets (Liepmann and Gharib, 1992;Zaman, 1985) and hence their study offers great potential for control applications.

Several kinds of vortical interactions have been reported and figure 1.6 illustrates some of them that have been proposed for interactions amongst vortex rings. One such interaction is the leap-frog type [START_REF] Glauser | Coherent structures in the axisymmetric turbulent jet mixing layer[END_REF]. It involves one vortex ring passing through the inside of the other, rendering the outer ring azimuthally unstable due to its reduced core size as depicted in figure 1.6a. Another possibility is the vortex ring break down shown in figure 1.6b, as their cores develop azimuthal instabilities (Hussain, 1986;[START_REF] Mao | Optimal transient growth on a vortex ring and its transition via cascade of ringlets[END_REF]. The rings were observed to form additional ringlets through vortex reconnection. The most studied interaction of all, is the merging of two or more vortex rings, commonly in the form of vortex pairing as seen in figure 1.6c (Zaman and Hussain, 1980;[START_REF] Shaabani-Ardali | Vortex pairing in jets as a global floquet instability: modal and transient dynamics[END_REF]. It occurs when the ring cores get aligned in the vertical direction and has been seen to play an important role in jet noise production.

Similarly, some accounts of the interactions between the streamwise vortices and vortex rings that coexist in the near field, were reported in the simulation studies of Martin and Meiburg (1991); [START_REF] Verzicco | Direct simulations of the transitional regime of a circular jet[END_REF]; [START_REF] Comte | Streamwise vortices in large-eddy simulations of mixing layers[END_REF]. In their experiments on plane mixing layers, [START_REF] Bernal | Streamwise vortex structure in plane mixing layers[END_REF] found that the streamwise vortices wound back and forth between alternate spanwise vortices, and [START_REF] Lasheras | Three-dimensional instability of a plane free shear layer: an experimental study of the formation and evolution of streamwise vortices[END_REF] observed wave-like undulations on the cores of the spanwise vortices induced by the former. These structures were seen to develop almost independent of each other in their initial formation stage and possibly interacted in the later stages of their development, as reported in [START_REF] Lasheras | Three-dimensional instability of a plane free shear layer: an experimental study of the formation and evolution of streamwise vortices[END_REF]; [START_REF] Huang | Small-scale transition in a plane mixing layer[END_REF] for plane mixing layers. Similar inferences were drawn by Martin and Meiburg (1991) in case of round jets. [START_REF] Verzicco | Direct simulations of the transitional regime of a circular jet[END_REF] observed formation of cup-like regions of azimuthal vorticity in temporally evolving round jets, which they attributed to the stretching of vortex rings induced by streamwise vortices. [START_REF] Grinstein | Streamwise and spanwise vortex interaction in an axisymmetric jet. a computational and experimental study[END_REF] exclusively studied interactions between vortex rings and externally generated streamwise vortices. They observed that these interactions resulted in the deformation of the rings, which further break down into small scale eddies, helping in controlling combustion rates.

Spectral signature of the large scale structures

The study of the signature of coherent structures in the energy spectra has led to their better understanding and the identification of different events in the flow. In jet flows, particularly, the periodic rolling up of the shear layer and the convecting vortex rings present themselves in the spectra in the jet core (Zaman and Hussain, 1980). However in the presence of turbulence, it is more complicated to identify these. Also, a particular signature in the spectra need not necessarily belong to just one structure or the other way around, i.e. a particular structure may not appear at just one particular frequency. From the spatial structures extracted from techniques such as SPOD, additional insights can be obtained about the kind of coherent structures leaving that footprint [START_REF] Nickels | On the different contributions of coherent structures to the spectra of a turbulent round jet and a turbulent boundary layer[END_REF]. [START_REF] Yule | Large-scale structure in the mixing layer of a round jet[END_REF] systematically related the visualized vortices to the peaks in the velocity spectra, in the transitional and turbulent regions of round jets. They distinguished vortex rings present close to the nozzle and turbulent eddies formed further downstream. [START_REF] Ho | Subharmonics and vortex merging in mixing layers[END_REF] studied the effect of excitation frequency on vortex pairing in mixing layers. For jets forced at low forcing levels, it was observed that the roll-up of the shear layer occurs at the location where the fundamental frequency saturates, and pairing occurs at the saturation point of the sub-harmonic frequency [START_REF] Ho | Perturbed free shear layers[END_REF]. Sadeghi and Pollard (2012) explored the effect of placing control rings for passive control of jets through the evolution of the spectra in the jet core and shear layer. [START_REF] Nickels | On the different contributions of coherent structures to the spectra of a turbulent round jet and a turbulent boundary layer[END_REF] showed that a jet can be modelled in terms of coherent structures of a single scale immersed in background turbulence, where they compared the spectra of a jet with that obtained by the model.

Recently, investigation into streaks in jets was performed following their signature in the axial velocity spectra in the low frequency region (Nogueira et al., 2019;[START_REF] Pickering | Lift-up, kelvin-helmholtz and orr mechanisms in turbulent jets[END_REF]. These streaks found in jets were compared to those in the turbulent boundary layers and form part of the existing knowledge of coherent structures in the near field of jets discussed in the previous sections.

Summary and some recent research

Based on the literature review on the near field of round jets presented in the preceding sections, figure 1.7 summarizes our current understanding on the subject. One part of this schematic (the upper block) follows from the vorticity dynamics point of view. Starting with an inflection point in the velocity profile at the nozzle exit, Kelvin-Helmholtz (KH) instability results in the roll-up of the shear layer into vortex rings [START_REF] Ho | Perturbed free shear layers[END_REF]. The presence of subharmonic frequency promotes vortex pairing (Zaman and Hussain, 1980). The stretching of the braid vorticity and the collapse of this vorticity, gives rise to streamwise vortices (Martin and Meiburg, 1991). In mixing layers, [START_REF] Lasheras | Three-dimensional instability of a plane free shear layer: an experimental study of the formation and evolution of streamwise vortices[END_REF] found that pairing strengthens the streamwise vortices, as the strain field becomes more intense with larger vortices formed on pairing. On the other hand, [START_REF] Corcos | The mixing layer: deterministic models of a turbulent flow. part 2. the origin of the three-dimensional motion[END_REF] found that pairing inhibits the growth of streamwise vorticity. In their direct numerical simulations of round jets, [START_REF] Verzicco | Direct simulations of the transitional regime of a circular jet[END_REF] also reported that pairing reduces the growth of the streamwise vorticity. This effect of pairing on streamwise vortices in round jets needs more investigation, according to our knowledge.

The other part (lower block) is based on more recent research. Streaks have been discovered to exist alongside streamwise vortices in the outer-edge of the shear layer of jets (Nogueira et al., 2019;[START_REF] Pickering | Lift-up, kelvin-helmholtz and orr mechanisms in turbulent jets[END_REF], similar to the ones found in wall-bounded flows [START_REF] Waleffe | Hydrodynamic stability and turbulence: Beyond transients to a self-sustaining process[END_REF]. Resolvant analysis showed that the underlying mechanism behind these streaks is the classical 'lift-up' mechanism (Nogueira et al., 2019;[START_REF] Pickering | Lift-up, kelvin-helmholtz and orr mechanisms in turbulent jets[END_REF]. The source of these streaks was found to be the streamwise vorticity further upstream, near the nozzle exit. Some theoretical studies have reported that the streaks could potentially act on the KH instability [START_REF] Jiménez-González | Transient energy growth of optimal streaks in parallel round jets[END_REF][START_REF] Marant | Influence of optimally amplified streamwise streaks on the kelvin-helmholtz instability[END_REF][START_REF] Wang | The effect of streaks on the instability of jets[END_REF]. Though the latter findings need further investigation and are still in the early stage of research, they offer possibilities of curtailing the KH instability that can further lead to jet noise [START_REF] Jordan | Wave packets and turbulent jet noise[END_REF].

While various studies have found that streamwise vortices eject high momentum fluid outwards from the jet core (Citriniti and George, 2000;Tinney et al., 2008) in high 𝑅𝑒 jets, their association with streaky structures is quite recent. On the other hand, in lower 𝑅𝑒 jets in the range of 10 3 -10 4 , Monkewitz and Pfizenmaier (1991) reported side jets being ejected by streamwise vortices and vortex rings in axisymmetrically excited jets. In their numerical study of axially and azimuthally perturbed jets, Brancher et al. (1994) found side jets associated with the occurrence of streamwise vortices. Hence, a link is missing between the streaks observed in the first part of the literature and the streaks reported in the recent works presented in the second part of the schematic in figure 1.7, and one of the aims of this thesis is to connect these two parts.

This picture could appear to be rather too simplistic given that it is a turbulent flow. However, quoting [START_REF] Aubry | The dynamics of coherent structures in the wall region of a turbulent boundary layer[END_REF] and as recalled in [START_REF] Grinstein | Vorticity in jets[END_REF], "the correct solution of the Navier-Stokes equations should reproduce the experimental findings...however, nothing will have been learned about causality, mechanisms, etiology,...reducing the system to less than the Navier-Stokes equations... We can dismantle the system and show how it works." A similar approach is followed in the current work, where we attempt to represent the near-field of round jets with coherent structures as the building blocks and study their interactions and break down, aiming at contributing to improved understanding of the transition of the flow to fully developed turbulence.

Objectives and organization of the thesis

To this end, the current thesis explores the following aspects, some of which are highlighted in bold in figure 1.7:

1. A particular kind of interaction between vortex rings and streamwise vortices in turbulent round jets at high 𝑅𝑒 This thesis is organized as a compilation of independent articles, with some published and others in the process of submission. With a combination of experimental and computational tools, the objectives stated above have been carried out in each of the articles. Chapter 2 describes the experimental tools used. A description of hot wire anemometry and high-speed particle image velocimetry is provided. The results part is split into four main chapters based on the ideas presented. Chapters 3, 5 and 6 use experimental tools and contain work in the direction of the above objectives 1,3 and 4 respectively. Chapter 4 involves direct numerical simulations towards meeting objective 2. The numerical approach, validation of the computational setup and results are included within that chapter and the corresponding references cited in this chapter can be found at the end of this manuscript amongst the global references. A global conclusion and perspectives are included in Chapter 7.

Chapter 2

Experimental methods

For the experimental part of this thesis, two main measurement techniques were used; hot wire anemometry (HWA) and high-speed stereo particle image velocimetry (HS-SPIV). HWA was used for the measurement of the axial component of velocity at several radial and axial locations, and for the characterization of the exiting boundary layer.

The three components of the velocity field were measured in a cross-sectional plane at two diameters downstream of the nozzle exit using HS-SPIV. This axial location was chosen as being sufficiently downstream such that the mixing layer is fully developed and there is lesser influence of the upstream conditions, including exiting boundary layer characteristics and that of the jet facility. Additionally, it was upstream enough to allow the study of the initial evolution of the structures and also such that the required measurement plane could be captured by the available high speed PIV system to obtain a good spatial resolution.

This chapter contains a description of the wind tunnel used to generate the round jet and a brief introduction and details about the implementation of the measurement techniques employed. Also included is a description of the loudspeaker system that was used to obtain axisymmetric excitation employed in Chapters 3, 5 and 6. 

The jet facility

The R4Ch wind tunnel at ONERA Meudon, was used for this study, as in the previous works of [START_REF] Leclaire | Etude théorique et experimentale d'un écoulement tournant dans une conduite[END_REF]; [START_REF] Davoust | Dynamics of m= 0 and m= 1 modes and of streamwise vortices in a turbulent axisymmetric mixing layer[END_REF]Courtier (2014). It is an open-circuit wind tunnel, whose different components are shown in figure 2.1. It consists of a centrifugal fan that generates a flow which slows down through the diffuser as it reaches the settling chamber, which is a cuboid of side 1 m. Then, a first contraction accelerates the flow towards a cylindrical duct of 0.3 m diameter. This duct contains a honeycomb mesh, that was used in the previously mentioned works to add solid body rotation to the flow. Following this duct is another contraction which accelerates the flow further as it exits from a nozzle of exit diameter D of 0.15 m. Based on the final contraction, exit jet speeds of upto 40 m/s could be generated. A bypass system was located upstream of the centrifugal fan which allowed to have speeds as low as 9.5 m/s. A perspective view of the wind tunnel is shown in figure 2.2 along with the HWA setup which will be discussed in the next section. As the wind tunnel is in an enclosed space, the distance of the wall downstream of the nozzle exit was ≈ 28𝐷, sufficiently far away to cause any flow obstructions. The height of the nozzle exit from the ground was ≈ 10𝐷.

Figure 2.1 also shows a loudspeaker mounted on the top of the settling chamber that was used to generate axisymmetric excitation. A description of this excitation system is provided in section 2.4. The boundary layer was tripped at 56 mm upstream of the nozzle exit with a 0.25 mm Carborundum strip. Total thickness of the tripping layer was 0.65 mm, including adhesive and aluminium tape. The flowrate in the wind tunnel was measured using a venturimeter located upstream of the centrifugal fan. The working principle is based on the measurement of the static pressures, 𝑃 𝐴 and 𝑃 𝐵 at two locations with different cross sectional area of diameters and velocities, 𝐷 𝐴 ,𝑉 𝐴 and 𝐷 𝐵 ,𝑉 𝐵 , respectively, as shown in figure 2.3. Assuming incompressible flow, the mass flowrate 𝑚 can be written using the continuity equation as:

𝑚 𝑡 ℎ = 𝜋 4 𝑉 𝐴 𝐷 2 𝐴 = 𝜋 4 𝑉 𝐵 𝐷 2 𝐵 (2.1)
Under the assumption of uniform flow, Bernoulli's theorem along a streamline yields,
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𝑉 2 𝐴 2 + 𝑃 𝐴 𝜌 = 𝑉 2 𝐵 2 + 𝑃 𝐵 𝜌 (2.2) 𝑚 = 𝜋 4 𝐷 2 𝐴 𝐷 2 𝐵 (𝐷 4 𝐴 -𝐷 4 𝐵 ) 2Δ𝑃 𝜌 (2.3)
where Δ𝑃 = 𝑃 𝐴 -𝑃 𝐵 was measured by a pressure sensor. The ambient density was calculated by ideal gas law, 𝜌 = 𝑃𝑀/(𝑅𝑇), with 𝑃 = 𝑃 𝑎 , the atmospheric pressure measured by GE Druck DPI pressure indicator and 𝑇, the temperature of the flow measured using a temperature sensor of type PT-100. There is a possibility of a difference in the mass flowrate, 𝑚 measured by the venturimeter located upstream of the centrifugal fan and the flowrate obtained at the nozzle exit, owing to slight leaks through certain elements of the wind tunnel. Hence, a calibration curve was obtained relating 𝑚 and 𝑈 𝑗 at the exit measured by a Pitot tube, as shown in figure 2.4.

Hot wire anemometry

Point measurements of axial velocity were obtained using constant temperature hot wire anemometry (HWA). HWA offers a way to measure velocity fluctuations at a single point in space with high temporal resolution. The basic working principle of this technique is the convective heat transfer from a heated sensor to the surrounding fluid, where the heat transfer is primarily related to the fluid velocity. Figure 2.5 presents this principle. In constant temperature HWA, the voltage required to maintain the probe's temperature is recorded and is linked to the velocity.

In the current work, we used Dantec Dynamics Streamline Anemometer, that comprises of the Wheatstone bridge, automatic overheat adjustment and an inbuilt signal conditioner, and a 55P11 probe. The probe consisted of a 5 µm diameter, 1.25 mm long plated tungsten wire sensor. The various elements involving the HWA data acquisition is sketched in figure 2.6. Calibration was performed manually each time the temperature varied more than 0.5 • C, with the aid of a Pitot tube placed next to [START_REF] Jørgensen | How to measure turbulence with hot-wire anemometers -a practical guide[END_REF].

Fig. 2.6 Constant temperature hot wire anemometry measurement chain [START_REF] Jørgensen | How to measure turbulence with hot-wire anemometers -a practical guide[END_REF].

the HWA probe near the center of the nozzle exit. A fourth order polynomial related the measured voltage to the axial velocity as shown in figure 2.7. The room heaters and the wind tunnel were switched on for few minutes before taking the measurements to raise the ambient temperature, which helped in maintaining nearly constant temperature during the acquisition. The HWA probe and pitot tube were mounted on a traverse system that allowed measurements upto six diameters downstream of the nozzle. A photo of this setup along with the wind tunnel was shown in figure 2.2.

In Streamline system, the probe is connected to one of the arms of a Wheatstone bridge, wherein the voltage required to maintain a constant temperature is measured. The parameters such as gain and filter settings of the Wheatstone bridge were adjusted in order to minimize electrical noise and optimize the bandwidth of the combined sensor and anemometer circuit.

Signal conditioning, in-built in the Streamline system, was performed to increase the resolution of the fluctuations with respect to the available A/D board. The 16 bit A/D board used here, had a range of [-10V, 10V] that gave a resolution of 20/2 16 = 0.3 mV. So, for resolving the fluctuations, the mean was subtracted from the signal using the AC setting of Streamline, and an amplification of 16 was applied with a high pass filter at 10 Hz and low pass filter at 30 kHz. For each point in space, 180,000 instantaneous measurements were acquired at a frequency of 9 kHz, corresponding to a duration of 20 s. Total waiting duration until the next acquired point, including traversing of the probe, was set to 5 s.For obtaining spectra, the signal conditioning parameters were: Low pass filter at 3 kHz (to prevent aliasing), gain of 1 and no high pass filter, with acquisition frequency of 9 kHz for 28 sec. The data was subsequently split into 30 blocks of 8192 samples each. The velocity fluctuations, 𝑢 ′ were calculated from the conditioned voltage signal, 𝐸 ′ using: 

1.3 1.6 1.9 2.2 2.5 E (V)
𝑢 = 𝑓 (𝐸) = 𝑐 4 𝐸 4 + 𝑐 3 𝐸 3 + 𝑐 2 𝐸 2 + 𝑐 1 𝐸 + 𝑐 0 𝑢 ′ + Ū = 𝑓 ( Ē + 𝐸 ′ ) 𝑢 ′ = 𝑓 ( Ē) + 𝑑𝑓 𝑑𝐸 Ē 𝐸 ′ - Ū (2.4)
where Ū, Ē represent the time average of velocity and voltage, respectively.

High-speed stereo particle image velocimetry

The three components of the velocity field were measured using high-speed stereo particle image velocimetry (HS-SPIV). PIV is a non-intrusive technique that allows measurement of instantaneous velocity field at several points in a plane. Figure 2.8 from [START_REF] Raffel | Particle Image Velocimetry, A Practical Guide[END_REF], which has served as a reference to understand the PIV technique, pictorially represents the experimental arrangement used for performing PIV. The technique involves seeding the flow with particles that follow the flow, i.e. tracer particles, and the region of interest is illuminated by a laser sheet generated by a laser source and optical assembly. This sheet defines a measurement plane in the flow, which is captured by a single camera if the two in-plane components of velocity are to be measured and with two cameras for measuring the out-of-plane component as well (referred to as stereo PIV). With a single camera, the measurement plane is a two-dimensional object whose image coincides with the plane of the sensor. A pair of consecutive images separated by an inter-frame time dt are captured. The resulting displacement of particles in time dt thus allows one to compute the two-dimensional velocity field in Fig. 2.8 Schematic depicting the working principle and different components of a particle image velocimetry system [START_REF] Raffel | Particle Image Velocimetry, A Practical Guide[END_REF]. the measurement plane under certain conditions, using an algorithm to process the images. The choice of seeding of the flow, the thickness of the laser sheet and inter-frame time needs to be adapted to the particular flow under consideration. In stereo PIV, the three components of velocity are obtained by a stereoscopic reconstruction of the images captured by the two cameras. The high speed term in HS-SPIV used in the current work, comes from the fact that the acquisition frequency is 2.5 kHz, which is high compared to low-speed PIV that traditionally operates below 10 Hz.

An overview of the main components of the current HS-SPIV system which was roughly the same as that used in the previous works [START_REF] Davoust | Dynamics of large scale structures in turbulent jets with or without the effects of swirl[END_REF]Courtier, 2014), is given in table 2.1, and will be discussed in the following sections before delving into the determination of the velocity field.

Setting up of the cameras and the laser sheet

Figure 2.9 shows the position of the two cameras and the laser sheet with respect to the jet axis. The measurement plane is located at two diameters downstream of the nozzle exit (𝑍 = 2𝐷). The cameras are positioned such that they are tilted at an angle 𝜃 ≈ 45 • on either side of the measurement plane and face in the direction opposite to the emission of light from the laser. This choice was based on two principles: 1) a configuration with the observational axis of the cameras tilted at an angle of 45 • on either side of the normal to the measurement plane yields equivalent reconstruction uncertainties for the three components of velocity [START_REF] Raffel | Particle Image Velocimetry, A Practical Guide[END_REF], 2) as the light scattered by the particles is not isotropic (Mie's scattering theory), it is more favorable to capture their images in a 2.1 Main components of the HS-SPIV system used in this thesis. 𝑏 CMOS: complementary metal oxide semiconductor camera l a s e r s h e e t Z=2D Fig. 2.9 Schematic depicting the HS-SPIV setup: the position of the cameras and the laser sheet are shown with respect to the distance from the nozzle exit (𝑍 = 2𝐷) and jet axis [START_REF] Davoust | Dynamics of large scale structures in turbulent jets with or without the effects of swirl[END_REF]. direction opposite to the emission of the light and is referred to as forward scattering configuration [START_REF] Raffel | Particle Image Velocimetry, A Practical Guide[END_REF]. Additionally, the cameras were rotated by 90 • in order to utilize all of the sensor area despite the perspective view.

Figure 2.10 shows a photo of the setup with the different components labelled. The location of the loudspeaker which will be described in section 2.4, is also marked here which is readily visible from this perspective angle. Also, another photo of the setup with the laser switched on is included in figure 2.11. Note that in this photo, the flow was seeded with more particles for a visualization of the plane.

Seeding

In the current work, we have used di-ethyl-hexyl-sebacate (DEHS) particles generated by TOPAS Atomizer Aerosol Generator ATM 210 as in the previous studies [START_REF] Davoust | Dynamics of large scale structures in turbulent jets with or without the effects of swirl[END_REF]Courtier, 2014). The particle size was below 1 𝜇m. A homogeneous seeding density is preferrable for calculating the velocity field from the PIV images [START_REF] Raffel | Particle Image Velocimetry, A Practical Guide[END_REF]. This was achieved in both the jet core as well as in the nearly quiescent ambiance, by running the wind tunnel for sometime before the acquisition of the images.

Particle image size and peak-locking

The diameter of the image of a particle on the camera sensor, 𝑑 𝐼 𝑝 is given by [START_REF] Raffel | Particle Image Velocimetry, A Practical Guide[END_REF]:

𝑑 𝐼 𝑝 = (𝑀 𝑑 𝑝 ) 2 + (2.44 𝑓 # (𝑀 + 𝜆) 2 , (2.5)
where 𝑀 is the magnification ratio between the image plane and the object plane, 𝑓 # is the aperture of the lens or the f-number, defined as the ratio between the focal length and aperture diameter. 𝜆 is the wavelength of the light used and 𝑑 𝑝 is the physical diameter of the particle. In the current setup, 𝑀 ≈ 10 -1 , so the first term in the equation 2.5 with 𝑑 𝑝 ≈ 1𝜇m is negligible compared to the second term which comes from the diffraction effects. With 𝜆 ≈ 0.5𝜇m and 𝑑 𝑝 ≈ 1𝜇m, choosing 𝑓 # >= 8 yields roughly, 𝑑 𝐼 𝑝 = (10 -7 ) 2 + (10 -5 ) 2 ≈ 10𝜇m.

(2.6)

Recalling from table 2.1, the pixel size of the sensors was 20𝜇m. Hence, in terms of pixels, the diameter of the particle image is 1 pixel. This leads to an effect called peak-locking, which biases determination of displacement values towards integral pixel values [START_REF] Raffel | Particle Image Velocimetry, A Practical Guide[END_REF]. The 𝑓 # could not be increased further than 8 because the images were no longer bright enough. Hence, a 𝑓 # = 8 was used and the images were blurred slightly to increase 𝑑 𝐼 𝑝 and reduce peak-locking.

Inter-frame time

Two constraints determine the adjustment of 𝑑𝑡: 1) to obtain large particle movements in order to have better precision in determining their displacements and 2) to keep 𝑑𝑡 small enough to avoid the particles with out of plane velocity, going out of the laser sheet. In the latter case, the determination of displacements becomes impossible owing to the loss of correlation. As a result, 𝑑𝑡 was set based on the flow speed such as to have a maximum displacement of 7 pixels [START_REF] Raffel | Particle Image Velocimetry, A Practical Guide[END_REF].

Calibration

Once the images were acquired, the next step was to calibrate the cameras in order map the coordinates in the image plane to those in the measurement plane. In stereo PIV, as the cameras are not placed perpendicular to the measurement plane, the value of the magnification ratio varies over the images and is also different for each camera. Hence, calibration involves finding the magnification fields for the given setup. This was done with the help a calibration plate which has dots marked at known positions. The plate is placed at the measurement plane by aligning it with the laser sheet as shown in figure 2.12. Images of the plate were acquired by the two cameras and the magnification fields were computed by the ONERA's in-house software AFIX2.

Determination of the velocity field: FOLKI SPIV

The acquired images were processed to compute the velocity field using FOLKI SPIV, an-house PIV software developed by [START_REF] Champagnat | Fast and accurate piv computation using highly parallel iterative correlation maximization[END_REF]. In FOLKI SPIV, the displacement field is found by choosing an interrogation window (IW) of fixed size around each pixel and minimizing a cross-correlation measure defined as a sum of squared differences between IW and a displaced window in the consecutive image. In the current work, an IW size of 31 pixels was chosen just as in [START_REF] Davoust | Dynamics of large scale structures in turbulent jets with or without the effects of swirl[END_REF]Courtier (2014), which yielded a spatial resolution of the vector field of 2.7 mm (0.018𝐷). Also, self-calibration was done using FOLKI PIV, which enables correction of any potential misalignments between the calibration plate and laser sheet that defines the measurement plane. 

Axisymmetric excitation system

Axisymmetric excitation was achieved through a loudspeaker mounted on the top of the settling chamber. B & C 15PZB100 speaker was used which had a frequency range in 40 to 2000 Hz, i.e. a woofer. The frequency range was important as the loudspeaker was operated at 52 Hz and the most common speakers available have their minimum frequency of operation usually above 100 Hz. The output of a sine wave generator was amplified through an amplifier (Crown Xs700) and then fed to the loudspeaker. The amplitude of excitation was adjusted by varying the voltage input to the speaker (𝑉 𝑅𝑀 𝑆 ). A calibration curve was made to relate 𝑉 𝑅𝑀 𝑆 to the fluctuation intensity at the nozzle exit, which was used as a measure of excitation amplitude. Figure 2.13a shows such a calibration for different excitation Strouhal numbers, 𝑆𝑡 𝑒 studied. Note that lower the 𝑆𝑡 𝑒 , higher the voltage that needs to be supplied. This can be understood based on Bernoulli's principle applied between the settling chamber and the nozzle exit as shown in figure 2.13b. 𝑢 and 𝑝 denote the mean velocity and pressure, respectively and 𝑢 ′ and 𝑝 ′ denote the corresponding fluctuations, at an upstream point in the settling chamber represented by the suffix ′ 𝑢 ′ and at the nozzle exit by ′ 𝑒 ′ . Thus, from the mass continuity equation assuming an incompressible flow, where, 𝜒 = ( 𝐷 𝑢 𝐷𝑒 ) 2 , 𝐷 being the diameter of the cross-section.

𝑈 𝑒 = 𝜒𝑈 𝑢 (2.7)
𝑝 𝑢 + 𝑝 ′ 𝑢 + 𝜌 2𝜒 (𝑢 𝑒 + 𝑢 ′ 𝑒 ) 2 = 𝑝 𝑒 + 1 2 𝜌(𝑢 𝑒 + 𝑢 ′ 𝑒 ) 2 (2.8)
In the absence of any external excitation i.e. 𝑢 𝑒 ≈ 0, we have

𝑝 𝑢 + 𝜌 2𝜒 𝑢 𝑒 2 = 𝑝 𝑒 + 1 2 𝜌𝑢 𝑒 2 (2.9)
Hence, neglecting second order terms in 𝑢 𝑒 ,

𝑝 ′ 𝑢 + 𝜌 𝜒 𝑢 𝑒 𝑢 ′ 𝑒 ∼ 𝜌𝑢 𝑒 𝑢 ′ 𝑒 𝑝 ′ 𝑢 ∼ 𝜌𝑢 𝑒 (1 - 1 𝜒 )𝑢 ′ 𝑒 𝑉 𝑅𝑀 𝑆 ∼ 𝜌𝑢 𝑒 (1 - 1 𝜒 )𝑢 ′ 𝑒 (2.10)
where 𝑉 𝑅𝑀 𝑆 is assumed to be proportional to the pressure fluctuations generated in the settling chamber. Thus, for a given input excitation level, 𝑉 𝑅𝑀 𝑆 is proportional to 𝑢 𝑒 .

Chapter 3

Interactions of vortices: An experimental study

In hydrodynamic turbulence, ... ,the fate of the vortices extending in the direction of motion is of great importance J. M. Burgers (1948) We began with the exploration of a possible interaction between vortex rings and streamwise vortices using HS-SPIV following the works of [START_REF] Davoust | Dynamics of m= 0 and m= 1 modes and of streamwise vortices in a turbulent axisymmetric mixing layer[END_REF]; Courtier (2014), which is presented in this chapter. The results therein triggered further ideas that were pursued in the due course of time and the corresponding results are included in the remaining chapters of this thesis.

In what follows, we present a reproduction of the journal article 'Interactions of large-scale structures in the near field of round jets at high Reynolds numbers' (Kantharaju et al., 2020) published in the Journal of Fluid Mechanics, 2020. It highlights the role of streamwise vortices and mean shear in the break down of vortex rings.

Introduction

The dynamical significance of vortical structures in the near field of round jets, i.e. the vortex rings and the streamwise vortices, has been known for several decades (see Ho & † Email address for correspondence: jahnavi.kantharaju@onera.fr Huerre 1984, for a review). A fundamental understanding of their interactions, especially in turbulent jets at high Reynolds number (Re), can aid in devising control strategies. For example, manipulation of these structures can help improve combustion efficiency and reduce jet noise (Crow & Champagne 1971;Zaman 1985). This paper aims at exploring further and proving the validity of one such interaction, recently hypothesized to underlie a new shear layer spatial organization in [START_REF] Davoust | Dynamics of m= 0 and m= 1 modes and of streamwise vortices in a turbulent axisymmetric mixing layer[END_REF].

In round jets, the saturation of the primary Kelvin-Helmholtz instability of the free shear layer results in its rolling up into vortex rings. On the other hand, streamwise vortices are secondary structures, that are assumed to be formed by a three-dimensional instability of either the resulting vortex rings [START_REF] Widnall | On the stability of vortex rings[END_REF]Pierrehumbert & Widnall 1982) or the remnant vorticity present between consecutive rings, as studied by Lin & Corcos (1984); Lasheras & Choi (1988) in plane mixing layers, later extended to round jets by Martin & Meiburg (1991). As shown by these studies, the general organization of the flow in the near field thus consists of a periodic array of vortex rings and an azimuthal array of counter-rotating streamwise vortices (also referred to as ribs or braids), present in the region between the rings (called the "braid region"). Various studies have elucidated the existence and organization of the streamwise structures and their dynamical significance in jet mixing and entrainment, such as visualizations by Liepmann & Gharib (1992), vortex filament methods by Martin & Meiburg (1991) and simulations of Verzicco & Orlandi (1994).

Several kinds of vortical interactions of these structures have been observed, like vortex pairing (Zaman & Hussain 1980;[START_REF] Shaabani-Ardali | Vortex pairing in jets as a global floquet instability: modal and transient dynamics[END_REF]) and leap-frog type interactions [START_REF] Glauser | Coherent structures in the axisymmetric turbulent jet mixing layer[END_REF]) that involve vortex rings. Some accounts of the interactions between the streamwise vortices and vortex rings that coexist in the near field, were reported in the simulation studies of Martin & Meiburg (1991); Verzicco & Orlandi (1994); [START_REF] Comte | Streamwise vortices in large-eddy simulations of mixing layers[END_REF]. In their experiments on plane mixing layers, Bernal & Roshko (1986) found that the streamwise vortices wound back and forth between alternate spanwise vortices, and Lasheras & Choi (1988) observed wave-like undulations on the cores of the spanwise vortices induced by the former. These structures were seen to develop almost independent of each other in their initial formation stage and possibly interacted in the later stages of their development, as reported in Lasheras & Choi (1988); Huang & Ho (1990) for plane mixing layers. Similar inferences were drawn by Martin & Meiburg (1991) in case of round jets. Verzicco & Orlandi (1994) observed formation of cup-like regions of azimuthal vorticity in temporally evolving round jets, which they attributed to the stretching of vortex rings induced by streamwise vortices. [START_REF] Grinstein | Streamwise and spanwise vortex interaction in an axisymmetric jet. a computational and experimental study[END_REF] exclusively studied interactions between vortex rings and externally generated streamwise vortices. They observed that these interactions resulted in the deformation of the rings, which further break down into small scale eddies, helping in controlling combustion rates.

Recently in [START_REF] Davoust | Dynamics of m= 0 and m= 1 modes and of streamwise vortices in a turbulent axisymmetric mixing layer[END_REF], interactions between fluctuating components of the azimuthal and streamwise vorticity were experimentally observed in round jets at Re = 2.1 × 10 5 (based on nozzle exit diameter). Instead of the classical azimuthal array of counter-rotating streamwise vortices in the braid region, these vortices appeared to be organized in the radial direction. Figure 1 illustrates this difference, where the azimuthal and axial vorticity fluctuations are denoted by ω ′ θ and ω ′ z , respectively. The tilting of the rings was found to be a manifestation of the first azimuthal mode i.e. m = ±1. The numerical studies of Martin & Meiburg (1991) and Verzicco & Orlandi (1994) found radial organization of opposite-signed streamwise vorticity in the ring region due to wrapping of streamwise vortices around the rings. However, the radial organization observed in [START_REF] Davoust | Dynamics of m= 0 and m= 1 modes and of streamwise vortices in a turbulent axisymmetric mixing layer[END_REF] was preferentially located in the braid region. From a further analysis of the flow organization, these authors hypothesized that in high Re jets, a scenario based on vortex induction mechanisms, as shown in figure 2, can be possible. It was attributed to the fact that the fluctuations of azimuthal vorticity, corresponding to the axisymmetric mode (m = 0), were found to be weaker than that of the streamwise component. More precisely, the hypothesized scenario basically involves an interaction between a weak m = 0 fluctuation and a stronger streamwise vortex located between two positive azimuthal vorticity fluctuations. According to this, the streamwise vorticity first tends to deform the negative azimuthal vorticity fluctuation in the radial direction. These deformations are further reoriented and stretched in the axial direction by mean shear, resulting in the formation of additional streamwise vorticity of opposite sign in the radial direction.

One possible reason for such an interaction not being realized in earlier studies could be the difficulty of obtaining vorticity field measurements, or in the use of visualization experiments where only the vorticity at the interface of the jet and ambient fluid is seen, as suggested in [START_REF] Davoust | Dynamics of m= 0 and m= 1 modes and of streamwise vortices in a turbulent axisymmetric mixing layer[END_REF]. Also, at higher Re, due to the presence of smaller scales, eduction of these structures becomes more difficult. Such a task is usually devoted to proper orthogonal decomposition (POD) in the context of turbulent flows, due to its ability to order spatial structures by kinetic energy content [START_REF] Berkooz | The proper orthogonal decomposition in the analysis of turbulent flows[END_REF][START_REF] Holmes | Turbulence, coherent structures, dynamical systems and symmetry[END_REF]. While POD, and also its space-time formulation for statistically stationary flows, spectral POD (or SPOD, see, e.g. Towne et al. 2018), have been applied successfully to jets in several studies, such as [START_REF] Glauser | Coherent structures in the axisymmetric turbulent jet mixing layer[END_REF]; Citriniti & George (2000); Jung et al. (2004); Tinney et al. (2008), these works have focused mostly on the applicability of SPOD to jet flows, and to reconstruct the flow field from a truncated system of SPOD and azimuthal modes. In the current work however, similar to [START_REF] Davoust | Dynamics of m= 0 and m= 1 modes and of streamwise vortices in a turbulent axisymmetric mixing layer[END_REF], we take advantage both of high speed stereo particle image velocimetry (HS-SPIV), and of SPOD to dig deeper into the vortical organization of jets, and in particular to extract the most energetic m = 0 mode, i.e. the vortex rings.

Our motivation is to further explore, and possibly confirm the likelihood of the interaction proposed by [START_REF] Davoust | Dynamics of m= 0 and m= 1 modes and of streamwise vortices in a turbulent axisymmetric mixing layer[END_REF], which though probable, was hypothesized from observations on one configuration of a jet flow, at one given value of Re only, and therefore with a specific strength of the m = 0 mode relative to the streamwise vortices. As this strength was a key parameter in the proposed scenario, it is varied in the current study through acoustic excitation of the m = 0 mode. The hypothesis is validated by monitoring if the new radial organization is also observed for other cases of dominant streamwise vortices, and, conversely, if stronger vortex rings promote the more traditionally observed azimuthal organization. If this case arises, one will then be able to validate the conjecture of [START_REF] Davoust | Dynamics of m= 0 and m= 1 modes and of streamwise vortices in a turbulent axisymmetric mixing layer[END_REF], which, in their work, had been left as an open point to be confirmed. Note that, here we often alternate between the terms "vortex rings" and "m = 0" or "axisymmetric mode", wherein a vortex ring in general can consist of higher azimuthal modes, while the m = 0 mode would refer to a perfectly axisymmetric ring. Exciting the m = 0 mode would, in other words, indicate that we are strengthening the rings. In order to also assess the robustness of the scenario to different experimental conditions, we consider in addition, various values of the Re, and of the Strouhal number associated to the excitation. The variation in Re comes along with different intensities of turbulence in the exiting boundary layer of the jet, becoming an additional parameter. We use SPOD for giving a global portrait of the dynamics of the jets, and streamwise vorticity auto-correlations to investigate the vorticity organization, as in [START_REF] Rogers | The structure of the vorticity field in homogeneous turbulent flows[END_REF]. In addition to the elements of proof supporting the above mentioned scenario, we report on some interesting effects of increasing amplitude of excitation on jet physics, which to our knowledge have not been discussed in previous excitation studies (Crow & Champagne 1971;Samet & Petersen 1988;Zaman & Hussain 1980), as single hot wire anemometry was the main tool in most of these investigations, allowing the measurement of only one component of velocity. Most of these studies have deduced about the nature of the vortical organization and its application towards flow control, mostly from the turbulence statistics of the axial velocity component such as fluctuation intensities and power spectra. In this regard, the current work also contributes in gaining a more complete picture on the effect of excitation through vorticity fields and a characterization of the vortical strengths.

We begin with a description of the experimental setup and the post-processing tools used, in section 2. The results of a Re = 1.5 × 10 5 , low Mach number round jet studied in a cross sectional plane two diameters downstream of the nozzle using HS-SPIV are detailed in section 3. The impact of exciting the most energetic m = 0 mode is discussed in section 4. In section 5, the robustness of the proposed scenario for jets at different flow conditions is presented, considering different values of Re and different states of the initial boundary layer, together with an investigation of the effect of excitation Strouhal number.

Flow and diagnostic tools

A round air jet exiting from a nozzle of D = 15.0 cm diameter, with exit velocity U j in the range of 9.5 m/s to 34.9 m/s, as shown in figure 3(a), is generated in the opencircuit wind tunnel R4Ch of ONERA Meudon. The boundary layer is tripped at 56.0 mm upstream of the nozzle exit with a Carborundum strip. This jet is studied using high speed stereo particle image velocimetry (HS-SPIV) and hot wire anemometry (HWA). 6 J. Kantharaju, R. Courtier, B. Leclaire, L. Jacquin

Velocity measurements

Hot wire anemometry was used for point measurements of velocities, especially at the nozzle exit. To compute the power spectral density (PSD), 30 blocks of 8192 samples were recorded with a low pass filter at 3 kHz and acquisition frequency of 9 kHz, using a Dantec P11 single wire probe (1.25 mm long and 5 µm diameter sensor).

For the HS-SPIV, two Phantom V710 high speed cameras equipped with 105 mm lenses at an f # = 8 aperture were used in forward scattering configuration. A high repetition rate double pulse Nd-YLF 527 nm laser synchronized with the cameras generated a 2.5 mm thick light sheet. The inter-pulse time was adjusted such that a maximum displacement of 7 pixels is obtained on the camera images. Sixteen blocks of 4096 double frame image pairs were recorded at an acquisition frequency, F a = 2.5 kHz. Velocity vectors were computed using FOLKI-SPIV, an in-house PIV software described in [START_REF] Champagnat | Fast and accurate piv computation using highly parallel iterative correlation maximization[END_REF]. An interrogation window size of 31 pixels was chosen, that yielded a spatial resolution of the vector field of 2.7 mm (0.018D). All the HS-SPIV measurements presented here were made at Z = 2D cross-sectional plane. Figure 3(b) summarizes this through a schematic representation of the setup. The Z = 2D plane was chosen sufficiently downstream such that the mixing layer is fully developed and has lesser influence of the upstream conditions, including exiting boundary layer characteristics and that of the jet facility. Additionally, it was upstream enough to allow the study of the initial evolution of the structures and also such that the required measurement plane could be captured by the available high speed PIV system to obtain a good spatial resolution.

To provide an estimate of the uncertainty associated to the quantities of interest obtained with HS-SPIV in this study, we monitored the distribution of values obtained in flow zones in which these quantities were known from physics to be uniform. We then chose the associated uncertainty estimate as ±2σ of the distribution, σ standing for the standard deviation (leading to a 95% confidence level if the distribution were Gaussian). The uncertainty on the mean axial velocity was then found to be ±0.3%, and on the turbulence intensities to be ±0.4% of U j . For the rms of the vorticity field, an uncertainty of ±6.0% was estimated. Note that the uncertainties estimated in such a way thus account for measurement noise (in the case of averaged fluctuating quantities) as well as possible residual bias sources of HS-SPIV, such as peak locking. Statistical error is found negligible, this point having been verified through a convergence study. It should be noted that given the approach chosen, these estimates however cannot account for the effect of spatial filtering due to the presence of significant flow gradients at the scale of the PIV interrogation windows. However, we will provide a typical estimate of this phenomenon by comparing HS-SPIV and HWA results, in section 3.1.

Axisymmetric excitation and parameters studied

Acoustic excitation was achieved by means of a loudspeaker mounted on top of the settling chamber, that provided axisymmetric forcing at the nozzle exit. The loudspeaker was driven by a pure sine wave whose amplitude can be varied through the voltage supplied to the loudspeaker. Irrespective of the exit jet velocities U j , significant amplitudes of excitation were obtained at a frequency F of 52 Hz, which has thus been assumed to be one of the resonant frequencies of the settling chamber. Our first aim is to selectively excite the most energetic m = 0 mode to demonstrate the validity of the hypothesis of [START_REF] Davoust | Dynamics of m= 0 and m= 1 modes and of streamwise vortices in a turbulent axisymmetric mixing layer[END_REF], that accounts for the radial organization of streamwise vortices found in high Re jets. Figure 4 shows the axial velocity spectra at Z = 2D for a range of U j . The peak in the spectra scales with U j to yield a constant Strouhal number of St = F D/U j ≈ 0.49 . As the excitation frequency F e in our experiments had to be fixed at 52 Hz in order to reach sufficient amplitudes, we chose to set the jet exit velocity to U j = 15.9 m/s. This resulted in a Reynolds number Re = 1.5 × 10 5 and the excitation Strouhal number, St e = F e D/U j = 0.49.

We then varied the Re of the flow, by changing U j , to determine the robustness of the proposed mechanism for different flow parameters. In that process, it was noted that transitional and fully turbulent boundary layers were obtained with the same strip, depending on the exit velocity. The state of the boundary layer is determined here according to the classification of Zaman (1985), based on the mean velocity profile and the peak turbulence intensities in the exiting boundary layer. For instance, the Re = 1.5×10 jet has an initially transitional (or more precisely nominally laminar) boundary layer that is neither fully laminar nor fully turbulent, as quite often encountered in the applications, this point having been investigated in particular by Zaman (2012) with regards to jet noise. However, it will be shown here that, interestingly, this boundary layer state has no observable influence on the dynamics under consideration.

The influence of St e on the discussed interaction between m = 0 mode and streamwise vortices was also explored. This was achieved by varying U j at the fixed frequency of excitation, 52 Hz, in order to maintain the possibility of reaching high excitation amplitudes. Table 1 gathers the explored values, along with the corresponding St e and boundary layer states. Note that, for one of the exit velocities, we also removed the Carborundum strip in order to reach laminar boundary layer conditions. Four values of U j were examined, U j = 9.5 m/s being the lowest possible one in the current setup and the highest being U j = 34.9 m/s. The U j = 9.5 m/s jet was in fact not excited, as it resulted in amplification of different frequencies at the nozzle exit. We ascribe this to an operational instability of the centrifugal fan upstream of the loud speaker at low velocities. This point was thus considered within the Re variation only. The other three values for U j were chosen to target St e = 0.49, 0.35 and 0.22. St e = 0.35 was chosen in the range of the so-called preferred mode of jets (Crow & Champagne 1971) and St e = 0.22 in the lower end of the natural spectrum of figure 4, that corresponds to a lesser energetic m = 0 mode.

Frame of reference and notations

The acquired HS-SPIV data is transformed from Cartesian (x, y) to cylindrical (r, θ) coordinates using bilinear interpolation, with a resolution of N r = 34 points in the radial and N θ = 128 points in the azimuthal directions. This preserves the resolution in the shear layer on both the grids. The mean velocity is subtracted from the instantaneous field to yield the fluctuation velocity field which is the basis for all the statistical measures presented in this paper.

In the following sections, we represent dimensional quantities by upper-case (R, θ, Z) and non-dimensional by lower-case (r, θ, z) symbols in the cylindrical coordinate system. Lengths and velocities are presented in non-dimensional forms scaled with the nozzle exit diameter (D) and centerline average jet velocity (U j ), respectively. Non-dimensional time is expressed by t and frequency by Strouhal number, St = F D/U j , with St e denoting the excitation Strouhal number, as already introduced above. We denote the components of the mean velocity vector by (u r , u θ , u z ), the fluctuations by a prime (u

′ r , u ′ θ , u ′ z )
, and the turbulence or fluctuation intensities by rms, denoting root mean square, in the superscript (e.g.

u rms z =< u ′ z > 1/2
). Unless specified, most of the measurements are at z = 2, a cross-sectional plane at two diameters from the nozzle exit.

Spectral proper orthogonal decomposition

We have used spectral proper orthogonal decomposition (SPOD) to extract the most energetic structures in the flow, similar to [START_REF] Davoust | Dynamics of m= 0 and m= 1 modes and of streamwise vortices in a turbulent axisymmetric mixing layer[END_REF]. Due to statistical stationarity and axisymmetry of the flow, the SPOD eigenfunctions in time and azimuthal direction are then the Fourier modes. In practice, each component (u i for i = z, r, θ) of the fluctuations of the velocity vector are first Fourier transformed in t and θ as ûi

(r, m, f ) = t 0 0 2π 0 u ′ i (r, θ, t)e -i(mθ+2πf t) dθdt (2.1)
where t 0 is the acquisition length of each block, and f is a duplicate notation for the reduced frequency or Strouhal number St, that we here use instead of St to avoid confusion in the equations. SPOD modes φ

(n) i (r, m, f ) with n = 1, 2, ... for the given ensemble are found using

r 0 0 B ij (r, r ′ , m, f )φ (n) j (r ′ , m, f )dr ′ = λ (n) (m, f )φ (n) i (r, m, f ) (2.2)
where r 0 is the radial extent of the measurement plane and λ (n) are the eigenvalues. The Hermitian symmetric kernel (B ij ) is the weighted two point cross-spectrum given by

B ij (r, r ′ , m, f ) = r 1/2 < ûi (r, m, f )û * j (r ′ , m, f ) > r ′ 1/2
(2.3) with x * representing the complex conjugate of x. <> denotes the ensemble average over all the data blocks. The members of the ensemble can be reconstructed through

ûi (r, m, f ) = 1 r 1/2 n â(n) (m, f )φ (n) i (r, m, f ) (2.4)
where â(n) (m, f ) are the coefficients found by projecting the velocity vector onto the SPOD basis as:

â(n) (m, f ) = r 0 0 r 1/2 ûi (r, m, f )φ * (n) i (r, m, f )dr (2.5)
More details about the implementation of SPOD are given in Appendix A.

3. Analysis of the unexcited jet at Re = 1.5 × 10 5

Inflow conditions and characterization of HS-SPIV measurements with HWA

Mean and fluctuation intensity profiles of the axial velocity near the nozzle exit, at z = 0.003, are shown in figure 5. The exiting boundary layer is transitional. While the mean velocity fits the Blasius boundary layer profile, the peak turbulence intensity is as high as 2% for the boundary layer to be fully laminar. The boundary layer momentum thickness, δ θ , is equal to 0.0021. It is known that the inflow conditions of the exiting boundary layer from the nozzle can play a role in the downstream evolution of jets [START_REF] Hussain | Effects of the initial condition on the axisymmetric free shear layer: Effects of the initial momentum thickness[END_REF]Bogey & Bailly 2010). However, it will be shown in section 5.1 that the observed phenomena in the current work is not sensitive to these conditions.

With regards to temporal aliasing owing to high acquisition rate of 2.5 kHz for HS-SPIV, it has been shown in [START_REF] Davoust | Dynamics of m= 0 and m= 1 modes and of streamwise vortices in a turbulent axisymmetric mixing layer[END_REF] that the limited spatial resolution of HS-SPIV also prevents temporal aliasing. Figure 6(a) shows this temporal filtering through the comparison of frequency spectra of axial velocity fluctuations at z = 2 obtained with HS-SPIV and HWA. The two techniques agree well up to St = 1, after which HS-SPIV has a cutoff of up to -8 dB (at St = 9.5) in the shear layer. Besides, it can be noted that the shear layer exhibits a broadband spectra, while in the core there is a broad peak as in figure 4, which can be interpreted as a signature there of the large scale structures from the shear layer. Also, the mean and fluctuation intensities at z = 2 are compared for the two techniques in figure 6(b). Good agreement is found in the core, whereas in the shear layer, HS-SPIV captures up to 80 % of the fluctuations owing to its inherent filtering of turbulence.

Azimuthal and frequency distribution

We then look at the distribution of velocity fluctuations with respect to frequency f and azimuthal wavenumber m, along with the contribution from the most energetic structures (corresponding to n = 1, i.e. the first POD mode) at z = 2. We here restrict to the main observations, as the natural dynamics of the present jet at Re = 1.5 × 10 5 were found to be nearly identical to those of [START_REF] Davoust | Dynamics of m= 0 and m= 1 modes and of streamwise vortices in a turbulent axisymmetric mixing layer[END_REF] at Re = 2.1 × 10 5 . Using the same notations as in that study, the azimuthal and frequency spectra can be computed from equation 2.3. The unweighted two-point cross-spectrum S ij is given by

S ij (r, r ′ , m, f ) =< ûi (r, m, f )û * j (r ′ , m, f ) >= B ij (r, r ′ , m, f ) r 1/2 r ′ 1/2 (3.1)
The azimuthal spectrum Sm i (r, m), that represents the fraction of the kinetic energy contained in the i th component of the fluctuating velocity vector corresponding to mode m at radius r, can be computed as

Sm i (r, m) = S ii (r, r, m, f )df = 1 r B ii (r, r, m, f )df (3.2)
Truncating to n = 1 POD mode, the azimuthal spectrum can be expressed in terms of the eigenfunctions φ i as

Sm (1) i (r, m) = 1 r λ (1) (m, f )|φ (1) i (r, m, f )| 2 df (3.3)
Figure 7 shows the azimuthal spectra of the axial velocity, Sm z (r, m), at two radial locations, in the jet core and the shear layer. The dominance of the m = 0 mode in the core (r = 0.24) and of the higher azimuthal modes (m = 4 -7) in the shear layer (r = 0.51) can be seen, in agreement with previous studies (Jung et al. 2004;Citriniti & George 2000). It was shown in [START_REF] Davoust | Dynamics of m= 0 and m= 1 modes and of streamwise vortices in a turbulent axisymmetric mixing layer[END_REF] that the second most energetic azimuthal mode in the jet core, the m = ±1 mode, is related to the tilting of the vortex rings with respect to the jet axis, as was also observed by Liepmann & Gharib (1992) in their visualizations. It is interesting to look at the dominance of higher azimuthal modes in the shear layer. Azimuthal wavenumbers in the neighbourhood of m = 5 have the maximum energy fraction, as also found in past experimental studies (see e.g. the SPOD results of [START_REF] Glauser | Coherent structures in the axisymmetric turbulent jet mixing layer[END_REF]Citriniti & George 2000;Jung et al. 2004), and therefore has been often used in numerical simulations to trigger three dimensional instabilities in jets (Martin & Meiburg 1991;Brancher et al. 1994). Figure 7 includes as well the truncated system with only the n = 1 POD mode, where it can be seen that the first POD mode approximates well the dynamics in the jet core. However, in the shear layer, higher number of POD modes are required to capture the turbulent flow region, with still a significant contribution from the n = 1 POD mode.

The frequency spectrum Sf i (r, f ) can be computed as

Sf i (r, f ) = m S ii (r, r, m, f ) (3.4)
Again, on truncation to n = 1 POD mode, it can be expressed as

Sf (1) i (r, f ) = 1 r m λ (1) (m, f )|φ (1) i (r, m, f )| 2 (3.5)
The frequency spectrum of the axial velocity in the jet core (figure 8) also shows the significant contribution of m = 0 and n = 1 POD mode to the overall dynamics in the core. With the inclusion of the first azimuthal modes (m = ±1), the truncated system containing just the n = 1 POD mode again provides a good description of the dynamics. The broad peak in the spectrum arises from the m = 0 mode, which is spread over a range of frequencies, with the most energetic frequency occurring at St = 0.49. This peak can be interpreted as the passage frequency of the most energetic vortex rings at z = 2. Axisymmetric excitation at this frequency will be studied in the following section. Having characterized the unexcited jet, we now discuss its response to excitation at St e = 0.49 for increasing excitation amplitudes, in terms of changes in the flow topology and vortical organization. Similar to Crow & Champagne (1971), the excitation amplitude is expressed in terms of fluctuation intensities, or rms of the axial velocity at | z=0,r=0 ), which for an unexcited jet is very small, typically below 0.5%. As explained by these authors, this quantity can be seen as a signature of the large scale structures. The response of the jet is then sought in terms of fluctuation intensities on the centerline at z = 2 (u rms z | z=2,r=0 ), as shown in figure 9. At low excitation amplitudes, we observe an almost linear response, which quickly gets saturated under non-linearities as the amplitude increases.

We varied the excitation amplitude along this curve and observed the changes in the flow topology. Especially, u rms z | z=0,r=0 = 1.4 %, 2.6 % and 4.8 % were studied in detail, and are presented in the following sections. This choice will be justified later in section 4.3, where we will discuss about the organization of streamwise vortices. As a comparison, we recall that Crow & Champagne (1971); Hussain & Zaman (1981) used 2 % forcing in their excitation studies.

Fluctuation intensities

Figure 10 shows the effect of increasing excitation amplitude on the exiting boundary layer, measured in terms of axial velocity. While no appreciable change is observed in the mean profile even at the highest amplitude (4.8%), there is a monotonous increase in the rms velocities in the jet core as well as in the shear layer. The peak rms values reach up to 12 % for the most excited case, while the mean profiles remain of the Blasius type, thus making the boundary layer transitional whatever the excitation level.

The radial profiles of fluctuation intensities at z = 2 are shown in figure 11, averaged in the azimuthal direction, as the flow is statistically axisymmetric. With increasing excitation amplitudes, one observes an increase in the rms of axial and radial components of velocity, which are mainly induced by the vortex rings, with no appreciable change in the azimuthal component, as expected. u rms z (figure 11(a)) can be seen to develop a local minima at r ≈ 0.58, not observed in the natural case. The phase-averaged longitudinal views of streamwise vorticity and azimuthal vorticity shown in figure 12, performed on a Taylor reconstruction and using the excitation as reference signal, indicate that this location of the minima coincides with the core of the vortex rings. Details about the use of Taylor's hypothesis are given in section 4.2, and about the phase averaging in appendix B. The appearance of this minima in u rms z could thus be due to the regularization in = 1.4%, dash-dotted line in green ( . ) at 2.6% and dashed line in blue (---) at 4.8%. the formation of vortex rings at the excitation frequency, i.e. the cores of the rings could occur at the same radial location in the shear layer as they convect downstream. When considering the azimuthal spectra of the axial velocity in the shear layer at r = 0.51 (figure 13(b)), one observes a decrease in the higher azimuthal modes with increasing levels of excitation. This again suggests the increasing axisymmetry of the flow with excitation, even in the shear layer. On the other hand, no appreciable change in the distribution of higher azimuthal modes is observed in the jet core at r = 0.24 of figure 13(a), except for slight elevations in their energy levels.

Going back to the phase-averaged vorticity fields of figure 12, we see a remarkable persistence of the vortical structures even upon phase averaging. This compares well with the classical portrait observed in the visualizations of Liepmann & Gharib (1992) for round jets at low Re, where the streamwise vortices were found wrapping around the azimuthal rings. Also, regions of high positive azimuthal vorticity fluctuations contain high streamwise vorticity fluctuations (see the light patches close to r ≈ 0.6), suggesting that the rings are corrugated in the azimuthal direction and not perfectly axisymmetric, as could have been expected with the excitation. Possibly, the peak observed at r = 0.58 in the rms profile of ω ′ z in figure 11(d) could also be a trace of this corrugation. However, it must be noted that there should be a contribution from ω ′ z in the streamwise vortices as well towards this peak value. The other peak in the rms profile occurs at r = 0.38, which is near the downstream edge of a streamwise vortex. The streamwise vortices appear closest to the vortex rings at this location and near the upstream edge, where they wrap around the rings. Besides, the ω rms z values remain almost the same with increasing levels of excitation and the radial extent where they are significant increases, indicating the spread of streamwise vorticity into the jet core. Section 4.3 will shed more light into this, where we will study the streamwise vorticity organization in detail.

The azimuthal spectra of ω ′ z is presented in figure 14. For the unexcited jet, the streamwise vorticity is distributed over a range of azimuthal wavenumbers from m = 2 to 10, while for the most excited case, that range is narrowed down to m = 5 -9 at r = 0.38, and around m = 5 at r = 0.58. This suggests that excitation also leads to a regularization = 1.4%, dash-dotted line in green ( . ) at 2.6% and dashed line in blue (---) at 4.8%.

in the formation of streamwise vortices. A look into the azimuthal spectra of u ′ r and u ′ θ , from which ω ′ z is computed, reveals that the two peaks at r = 0.38 and 0.58 stem from the distribution of the azimuthal velocity component. Noting that u ′ θ can be induced by the streamwise vortices but not by the m = 0 mode, the azimuthal wavenumber in figure 14 at r = 0.38 could thus be possibly interpreted as the average number of streamwise vortices in the shear layer. The azimuthal wavenumber at r = 0.58, pertaining to the vortex rings as mentioned above, could relate to the number of corrugations that they exhibit, the u ′ θ being induced by the tilted part of the rings in the axial direction. Due to the closeness of the maximal values for m at those two radial locations, it could be hypothesized that the presence of the streamwise vortices and the corrugations in the vortex rings could be linked to one another. Indeed, Martin & Meiburg (1991) found in round jets, that the streamwise vortices caused waviness on the cores of the vortex rings where they wrapped around the rings, and Lasheras & Choi (1988) observed wavy undulations in the spanwise rollers caused by streamwise vortices in planar mixing layers. = 1.4%, dash-dotted line in green ( .•. ) at 2.6% and dashed line in blue (-• -) at 4.8%. This is a closeup on the higher azimuthal modes, the m = 0 mode having very high amplitudes for the excited cases (a) in the core r = 0.24 and (b) shear layer r = 0.51. 

Taylor's reconstruction in the axial direction

Since in our experiments, the HS-SPIV measurement plane is at a fixed downstream location, the local spatial structure of the flow in the axial direction is derived from the temporal snapshots using Taylor's hypothesis. For low turbulence intensities compared to the mean flow speed, Taylor's hypothesis of frozen turbulence allows one to view temporal fluctuations at a fixed point in space as a result of a frozen spatial structure convecting past that point at the mean flow speed, or the convection velocity u c [START_REF] Taylor | The spectrum of turbulence[END_REF]). An appropriate convection velocity and the validity of the hypothesis must be carefully considered while applying this hypothesis. [START_REF] Davoust | Taylor's hypothesis convection velocities from mass conservation equation[END_REF] proposed a method based on the continuity equation to calculate u c , particularly suited for experimental data. Computing in the Fourier space, u c was obtained as a function of frequency and spatial location in a measurement plane normal to the mean flow. The application of this method to compute u c in the current work is detailed in the appendix C.

We can derive a physical intuition for the flow and the effect of excitation through such a reconstruction, as shown in figure 15 for a natural jet and its excited counterpart at excitation level of u rms z | z=0 = 4.8%. The axial coordinate is z = -u c t. As expected, excitation is seen to raise the inherent order in the turbulent flow above the background noise. Also, in the excited case one can discern the classical structure of the near field of a jet through excitation, that consists of a periodic array of vortex rings and counter-rotating streamwise vortices, organized in the azimuthal direction (Liepmann & Gharib 1992). The wrapping of the streamwise vortices around the rings and wavelike undulations on the ring cores are evident in the excited jet. Similar observations of core undulations were made by Lasheras & Choi (1988), for plane free shear layers subjected to sinusoidal perturbations. Also, the inclination of the streamwise vortices is towards the jet centerline near the upstream region of the rings, while away from the centerline immediately downstream, can be observed. In the unexcited jet, on the other hand, they tend to be more aligned in the axial direction, though it is rather difficult to clearly comment on the structures in there. For the jet excited at 4.8%, we could count the approximate number of streamwise vortices from the Taylor's reconstruction to be around 

Streamwise vorticity organization

In order to visualize the organization of streamwise vorticity fluctuations in our flow, we compute the following auto-correlation, similar to [START_REF] Davoust | Dynamics of m= 0 and m= 1 modes and of streamwise vortices in a turbulent axisymmetric mixing layer[END_REF]:

C ω z ω z (r, r ′ , θ ′ , t ′ ) = < ω ′ z (r, θ, t)ω ′ z (r ′ , θ + θ ′ , t + t ′ ) > θ < ω ′ z 2 (r, θ, t) > 1/2 θ < ω ′ z 2 (r ′ , θ, t) > 1/2 θ (4.1)
where <> θ denotes average over both data blocks and θ, as the flow has statistical stationarity and azimuthal homogeneity. Contours of C ω z ω z for t ′ = 0, i.e. correlation of ω ′ z at a particular instant of time in the cross-section averaged over all snapshots, would give a probable vortex structure in a statistical sense. Figures 16 and17 show these contours in the cross sectional plane at z = 2, and in the longitudinal plane reconstructed using Taylor's hypothesis, respectively, at three radial locations in the jet. The plots containing the contours are accompanied by schematics depicting the correlation process at the top. These positions, r = 0.38, 0.51 and 0.68, were chosen to represent the downstream, middle and upstream part of a streamwise vortex (see e.g. figure 12). These figures compare the streamwise vorticity organizations found for the natural jet (left column), and for the excited jet at u rms z | z=0 = 2.6% (right column). On the left column (i) of figure 16, we can see patches of negative correlation above and below the probing point at r = 0.51, located near the center of the shear layer, indicating the presence of opposite signed vorticity in the radial direction. This along with the correlation patches at other radial probing points, suggests a radial organization of streamwise vortices, as was also observed by [START_REF] Davoust | Dynamics of m= 0 and m= 1 modes and of streamwise vortices in a turbulent axisymmetric mixing layer[END_REF] at Re = 2.1 × 10 5 . In the right column (ii), we observe an azimuthal organization of the streamwise vortices, especially at r = 0.38, where the negative patches on the left and the right are of larger amplitude than the patch on top, and also at r = 0.51, where negative patches on all sides have the same amplitude, the patch on top being located farther away. Consistently, this azimuthal organization is also apparent in the Taylor reconstructions of figure 15. The strength of this azimuthal correlation however tends to decrease as we move away from the jet centerline, becoming nearly equal to the radial correlation. To us, this trend cannot be explained with the present figures, and will require considering correlations separately in the braid and ring regions. This will be performed below while presenting the most excited case, u rms z | z=0 = 4.8%, where the effects of maximum excitation allow a clearer analysis of the vortical organization.

A similar image unfolds when we look at the longitudinal planes in figure 17. The left column (i) shows negative correlation patches aligned along the positive patch around the probing point, again giving a global portrait of radially organized streamwise vortices. The correlations appear to be elongated and inclined to the jet axis. The angle of inclination to the jet centerline is seen to increase as we probe away from the centerline, as was noted in [START_REF] Davoust | Dynamics of m= 0 and m= 1 modes and of streamwise vortices in a turbulent axisymmetric mixing layer[END_REF]. In the column on the right (ii), these negative patches are reduced, indicating the quasi-absence of opposite-signed vortices in the radial direction. Interestingly, at r = 0.38 we still see some correlation in the radial direction with the maximum negative correlation of -0.07 around r = 0.58. This will also be discussed in more detail when analyzing the most excited case, at u rms z | z=0 = 4.8%. Seeing these differences in the organization of streamwise vortices between a natural and an excited jet, questions arise naturally as to the amplitude of excitation necessary for the change to occur, as well as its sudden or progressive character. To shed light on this, we now describe a case with intermediate excitation compared to the previous one, i.e. u rms z | z=0 = 1.4%, represented in figure 18. In this figure, one sees the presence of negative lobes of C ω z ω z of significant magnitude in both radial and azimuthal directions, which leads us to term this organization as transitional. In practice, when considering other intermediate levels, one observes that the switch of organization, from radial in the natural case, to azimuthal in sufficiently excited cases, is not sudden but progressive, via these transitional states, with obviously azimuthal organizations appearing from u rms z | z=0 = 2.6%.

We now turn to the vortical organization obtained for the highest level of excitation that could be reached in this study, i.e. u rms z | z=0 = 4.8%, plotted in figure 19. This figure contains slightly different and additional information compared to the previous ones, in order to explain most precisely the typical correlation organizations observed in the excited cases. In addition to correlations C ω z ω z in a cross-sectional plane, that correspond to averaging over all snapshots (subfigures bi and bii), we also present correlations that are conditionally averaged in the braid (subfigures ci and cii) and ring regions (subfigures di and dii), respectively. Subfigure (ai) on the top is the phase averaged streamwise vorticity field from figure 12, where we have indicated the probing points, r = 0.38 and r = 0.58, to help establish links between the correlations and the three-dimensional vortical organization. Also, note that the choice of the two probed radii obeyed the following reasons: considering specifically the conditional averaging which highlights the ring region, r = 0.38, already included above, is chosen to coincide with the downstream edge of a streamwise vortex, while r = 0.58 to coincide with the core of a vortex ring. Recall also that, at these points, maximum values were found in the ω rms z profile of figure 11(d).

First, let us look in detail at the correlations averaged over all snapshots, i.e. columns (bi) and (bii). Increasing the amplitude of excitation to very high levels, such as 4.8% here, results in stronger correlation patches, compared to those at 2.6% excitation of figure 16. At both the radial locations, we can see strong correlation of opposite-signed streamwise vorticity in the azimuthal direction. The correlation patches are more compact at r = 0.38 than those at r = 0.58. The source of this can be found by looking separately at the ring and braid region. We will first focus on the braid region, i.e. columns (ci) and (cii). This location can be roughly identified, for instance, as a cross-sectional plane at z c = -2 in the phase averaged plot (ai), where the correlations would be averaged over several such snapshots containing the braid region. Compact patches of the correlation in the azimuthal direction can be seen at r = 0.38, with a slight shift in the alignment of maximum correlation patches. This could indicate that the streamwise vortices are not completely aligned in the azimuthal direction along their length but could be slightly shifted in the radial or axial direction, especially near the high-speed side of the shear layer. At r = 0.58, the patches are more distant, which to us, simply reflects the fact that streamwise vortices are both spatially persistent, being well defined almost from one vortex ring to the next one, and also not strictly streamwise but inclined in the radial direction. As can probably be better understood in the Taylor reconstruction of figure 15, these two facts imply that, following a vortex in the braid region, leading us to consider decreasing radii, the same number of streamwise vortices has to fit around annuli of decreasing lengths, mechanically making them closer to one another. Here, we can see a mild version of this effect, by probing at the same z c but different radii.

Next, the vorticity organization in the ring region, shown in plots (di) and (dii) of figure 19, appears more complicated as noted before, owing to the streamwise vorticity coming from both the corrugated rings and the streamwise vortices. These plots could for instance correspond to a cross-sectional plane at z c = -1.5 in plot (ai). As discussed above, r = 0.38 points to the downstream end of a streamwise vortex, while r = 0.58 to the core of a vortex ring. Both subfigures (di) and (dii) match nicely with the organization that can be understood from subfigure (ai). Beginning with the streamwise vortex downstream end at r = 0.38 (subfigure dii), one first observes two negative correlation lobes on the right and left, highlighting the azimuthal organization of the streamwise vortices even until their downstream end. Negative patch on top identifies corrugation of the vortex ring, as already identified above. When turning to correlation probed within the vortex ring itself at r = 0.58 (subfigure di), one retrieves the signs of the streamwise vortices, as negative patches both above and below the ring core, consistent with the wrapping of these structures around a ring. Negative patches observed on the left and right sides of the probing point, i.e. along the azimuth, most probably stem from the corrugation of the vortex ring itself, being a signature of the phenomenon's wavelength. Interestingly, these conditionally averaged plots, obtained here for excited jets (and being impossible to obtain for the natural ones due to a lack of phase reference) show good resemblance with the numerical simulations of low Re unexcited jets of Martin & Meiburg (1991); Brancher et al. (1994). Martin & Meiburg (1991) in particular observed opposite-signed streamwise vorticity in the ring and braid region at the same azimuthal location, which was attributed to ring waviness evident from the cross-sectional view of the vortex filaments. It thus appears that, in a way, performing axisymmetric excitation on the present higher Re jet, and thereby enhancing the strength of their vortex rings, brings their global vortical organization close to that of lower Re jets, where these vortex rings are better defined and possibly more intense.

Strength comparison

Having observed a transition in the streamwise vorticity organization with increasing excitation levels, we now seek a quantitative estimate for the strengths of the fluctuations, to evaluate the possible magnitude of a ring deformation by the streamwise vortices, as hypothesized by [START_REF] Davoust | Dynamics of m= 0 and m= 1 modes and of streamwise vortices in a turbulent axisymmetric mixing layer[END_REF] and illustrated in figure 2. The strength of the streamwise vortices is estimated here from the maximum of ω rms z

, that is logically found to occur in the shear layer. For the rings, their strengths are estimated from the rms of azimuthal vorticity fluctuations, ω rms θ , corresponding to the m = 0 mode reconstructed from the first SPOD mode in the shear layer. Again, the maximum value of ω rms θ is considered. This estimation process is detailed in Appendix D.

The comparison of strengths in terms of ω rms θ

/ω rms z

, along with the observed vorticity organization, is given in table 2. It can be seen that as the excitation level is increased, the strength of the fluctuations of azimuthal vorticity increases with respect to those of streamwise vorticity. This can be straightforwardly interpreted as the vortex rings getting stronger with the increase in the excitation level. The shift in the organization of streamwise vortices towards the azimuthal array is observed from higher levels of excitation on (u rms z | z=0 =2.6 %), precisely as soon as the m = 0 mode gains similar strengths as the streamwise vortices. Note that further increase in the excitation level to 4.8 % does not affect the overall organization of streamwise vortices, except for the qualitative changes noted in the previous section.

Recalling the proposed mechanism in [START_REF] Davoust | Dynamics of m= 0 and m= 1 modes and of streamwise vortices in a turbulent axisymmetric mixing layer[END_REF], the radial organization was accounted by an interaction between a streamwise vortex, an m = 0 mode or vortex ring, and mean shear. Streamwise vortices were hypothesized to deform the weaker m = 0 vortex rings, and the deformations to be further reoriented and stretched in the axial direction by mean shear. The especially weak value of the underlying parameter in this mechanism, i.e. the relative strength of the m = 0 mode with respect to streamwise vortices, was brought forward as possibly being the trigger and justification for such a mechanism. Streamwise vortices, an order of magnitude stronger than the rings, were deemed able to influence the latter. In the present study, as the strength of the m = 0 mode is increased through acoustic excitation (as seen in table 2), we observe that the streamwise vorticity correlation shifts in the azimuthal direction, suggesting the reduction of streamwise vorticity produced by a ring deformation. Thus, we note that the parameter ω rms θ

/ω rms z is indeed a good measure of the influence of streamwise vortices on the rings. Axisymmetric excitation is effective in strengthening the rings and possibly reducing 

Robustness assessment: vorticity organization for other inflow and excitation conditions

Having given additional credit to the proposed interaction in an initially transitional jet, we then explore its robustness, together with the same underlying quantities, at other Re and excitation parameters.

Dependence on the state of the boundary layer and Re for natural jets

As the exit boundary layer state is known to possibly have an effect on the nature of the vortex rings and their subsequent evolution, we investigated the phenomenon for two other states, viz. laminar and fully turbulent, as was mentioned in table 1. It was observed that the state of the boundary layer did not have significant effect on the mean velocity and fluctuation intensity profiles studied here (see Courtier 2014, for more details). The organization of streamwise vorticity was found to be independent of the state as well. Similar observation of independence with respect to boundary layer state was made by Hussain & Zaman (1981), for the value of the preferred mode of the jet.

Next, we studied a range of Reynolds numbers that was achievable with the current setup. To the best of our knowledge, the highest Re at which a mention about streamwise vorticity is made is 80,000, by Citriniti & George (2000). They inferred an azimuthal array based on the velocity field induced by the streamwise vortices. However, for all the Re in our jet and without excitation, a radial organization was found, even for our lowest value, Re = 92, 000, which is quite close to that considered by Citriniti & George (2000). Table 3 summarizes this, along with a comparison of the relative strengths of the vortex rings and streamwise vortices, which were of the order of 0.1, similar to that for the Re = 1.5 × 10 5 jet, and therefore also in line with the proposed dynamical scenario.

Effect of Strouhal number of m = 0 excitation

In the following, we investigate the effect of the Strouhal number at which the m = 0 mode is forced, on the shift in the organization of streamwise vorticity. Being noise amplifier flows, jets tend to amplify disturbances in a wide range of frequencies (Michalke 1984). Recalling the choice of St e from section 2.2, the responses of the jet at St e = 0.35 and St e = 0.22 are shown in figure 20, along with that at St e = 0.49 for a comparison. St e = 0.35 was chosen such as to lie in the range of the so-called jet preferred mode of Crow & Champagne (1971) and St e = 0.22 as a lesser energetic m = 0 mode. Similar | z=0,r=0 = 2.6%, the most energetic m = 0 mode, St e = 0.49, results in the highest vortex ring strength among all the St e values tested. This is expected, as the m = 0 mode had maximum energy at this St in the unexcited jet, as seen in figure 8, and we are just increasing the energy at this frequency, or in other words, forcing the most energetic vortex rings to form. For the St e = 0.35, on the other hand, more energy is required to obtain m = 0 mode with enough strength for an azimuthal array. As for the lowest excitation Strouhal number considered here, i.e. St e = 0.22, comparison cannot be fully complete, as excitation cannot be driven beyond u rms z | z=0,r=0 = 2.6% in the current setup, this value corresponding to the maximum voltage which can be applied to the 8, this St has additionally very less energy in the m = 0 mode for the unexcited jet. It thus seems that we would possibly require even higher amplitudes of excitation than that obtained at other St e to force the formation of vortex rings at this St.

As a summary of these observations, excitation of the axisymmetric mode at its most energetic St in the unexcited jet, is the most efficient way to strengthen the vortex rings. In terms of streamwise vorticity organization, there appears to be a threshold value of the relative strength for obtaining a complete azimuthal organization, as can also be visually illustrated in figure 21. Interestingly, this threshold seems to be roughly equal to 1, implying that wherever streamwise vortices are stronger than azimuthal vortices, a radial array is formed, and conversely for an azimuthal array. Again, the term "transitional" here represents a configuration somewhere between fully radial and azimuthal arrays.

While the estimated vortex ring strength agrees well with the observed type of organization, it is interesting to note that the centerline fluctuation intensities at z = 2 (u rms z | z=2,r=0 ) happen to not fully reflect the strength of the vortex rings. A first possible source of explanation could be that the fluctuations in the jet core, where the flow is essentially potential, arise from the coherent structures that induce velocities at the jet center, i.e. the vortex rings and the streamwise vortices, mainly. Hence, the higher centerline fluctuation intensities for the St e = 0.35, even though the estimated vortex ring strength is lower than that for St e = 0.49, could be due to a contribution from the streamwise vortices. Indeed, as evidenced in figures 15 and 12, these vortices are never strictly streamwise, but inclined to the jet axis, and thus can induce axial velocity fluctuations. Also, the way we choose to estimate the strength of the m = 0 mode (discussed in appendix D) cannot be directly linked to the fluctuations induced at the jet centerline, which would rather depend on the global distribution of ω θ , and not only on its maximum value in the shear layer. In any case, this observation that excitation at St e = 0.35, which lies in the range of the so-called jet preferred mode (as termed by Crow & Champagne 1971), also leads here to maximum response of the jet, while not exhibiting the most intense vortex rings, raises a number of questions that could constitute an interesting matter of future research.

Conclusion

In this paper, we have further investigated the possibility of a specific interaction between streamwise and azimuthal vortices, the latter being described by the axisymmetric mode, in the near field of high Re round jets.This interaction had been introduced as a conjecture to be confirmed, by [START_REF] Davoust | Dynamics of m= 0 and m= 1 modes and of streamwise vortices in a turbulent axisymmetric mixing layer[END_REF]. Based on a single configuration of jet flow, these authors observed a radial organization of streamwise vorticity fluctuations at two diameters downstream of the nozzle, which they hypothesized to be a result of the streamwise vortices being stronger than the azimuthal ones, and thus able to deform them. These deformations could further be reoriented and stretched in the axial direction by the mean shear, generating opposite-signed streamwise vorticity that gives rise to a radial organization, contrary to the azimuthal organization usually reported in the literature, for lower Reynolds numbers. As this hypothesized scenario had been introduced on the basis of only one case of relative strength of the streamwise and azimuthal vortical structures, confirmation that this relative strength has a direct link on the radial or azimuthal organization of the streamwise vortices has been taken as the main objective of the current work.

In order to validate this hypothesis, we first studied a Re = 1.5×10 5 jet with an initially transitional boundary layer undergoing acoustic excitation. High speed stereo particle image velocimetry measurements were made in a cross-sectional plane at two diameters downstream of the nozzle exit. The most energetic axisymmetric mode (m = 0) that had a Strouhal number of St = 0.49 was excited, to vary its strength relative to streamwise vortices. The flow field in the cross-sectional plane was reconstructed in the axial direction using Taylor's hypothesis and spectral proper orthogonal decomposition provided the means to extract the most energetic m = 0 mode. With increasing amplitudes of excitation, a gradual shift, from a radial configuration of streamwise vortices in the unexcited jet, towards an azimuthal array classically found at lower Re, was observed. The estimated strengths of the two structures were in accordance with the growing m = 0 mode relative to the streamwise vortices. This allowed us to infer that strengthening the vortex rings weakens the influence of streamwise vortices on them. Higher excitation amplitude aided in discerning the topology of the flow, leading to vorticity patterns comparable to those for instance seen in visualizations of Liepmann & Gharib (1992) at Re = 5000, and some interesting effects of very high amplitudes of excitation were observed, like the suppression of higher azimuthal modes in the shear layer. Excitation provided a phase reference as well, for phase averaging of vorticity field and conditional averaging, that contributed to a better understanding of the vorticity organization in high Re excited jets. Evidence of corrugation of the rings in the axial direction was also found, which was inferred in terms of streamwise vorticity appearing within the rings.

Similar correlation between the spatial organization found and the relative strength of the two types of vortical structures, was also observed in other initial boundary layer states, such as laminar and fully turbulent cases. It was found in jets at Re ranging from 9.2 × 10 4 to 3.5 × 10 5 as well, thus signifying the robustness of the proposed scenario. The m = 0 mode was excited at other Strouhal numbers, viz. St e = 0.35 (in the range of the jet preferred mode) and St e = 0.22 (the lesser energetic m = 0 mode) to examine the effect of St e on the drawn conclusions. While the m = 0 mode at St e = 0.35 required higher amplitudes of excitation to have a complete switch to an azimuthal organization compared to that of St e = 0.49, the St e = 0.22 could not be driven to high enough amplitudes for the switch, exhibiting a radial organization throughout. Anyhow, probably the most important conclusion of this parameter variation, and of the present work itself is that, irrespective of the Reynolds number, state of the boundary layer, and value of the excitation Strouhal number, a radial (or azimuthal) organization was systematically observed whenever the vortex rings were weaker (or stronger) than the streamwise vortices, thus corroborating the hypothesis of [START_REF] Davoust | Dynamics of m= 0 and m= 1 modes and of streamwise vortices in a turbulent axisymmetric mixing layer[END_REF].

From a perspective of jet control, various studies have found an increase in the spreading rate and thereby a faster decay of the potential core by passive control [START_REF] Burattini | Effect of initial conditions on the near-field development of a round jet[END_REF]Sadeghi & Pollard 2012) and active control (Crow & Champagne 1971;Zaman & Hussain 1980). Most of these studies have pursued an understanding of the effect of control strategies by measuring the axial component of velocity. With the HS-SPIV measurements of the velocity vector field in the current study, our results suggest the increasing radial velocity component and the spread of streamwise vorticity into the jet core with the increasing excitation amplitude. This could be related to the increased rate of entrainment and reduced size of the potential core that was observed by Crow & Champagne (1971) with axisymmetric excitation.

This study has mainly focused on the streamwise vortices, that are an integral part of the near field of jets. They further give rise to different flow features such as generation of side jets (Monkewitz & Pfizenmaier 1991) and formation of streaks, as recently reported by Nogueira et al. (2019). An azimuthal array of these streamwise vortices can create mixing zones wherein low and high momentum fluid is transported in and out of the jet core respectively, as demonstrated in Citriniti & George (2000). Hence, a change in the organization of these structures could also alter this mixing pattern. Currently, we are seeking a theoretical framework to model the interaction between vortex rings and streamwise vortices. We expect that this work will also motivate further research into studying these interactions in compressible jets as well as in numerical simulations, to pressible flows combined with the Taylor's hypothesis gives:

⃗ ▽ xy ⋅ ⃗ u = ∂u x ∂x + ∂u y ∂y = - ∂u z ∂z = 1 u c ∂u z ∂t (C 1)
u c is then sought as a function of spatial location (x,y) and frequency f through a statistical relationship between the spectral components of ⃗ ▽ xy ⋅ ⃗ u and ∂u z /∂t in the Fourier space. Note that, here again, we use notation f instead of St to refer to the dimensionless frequency, flor clarity. For the round jet studied in the current work, the ⃗ ▽ xy ⋅ ⃗ u was first computed on the Cartesian grid (x, y) and then interpolated onto the cylindrical grid (r, θ). The Fourier transform in time over different blocks of data resulted in (i2πf ûz ) and ( ⃗ ▽ xy ⋅ ⃗ u). Size of the data blocks and frequency resolution was similar to SPOD computation. The validity of this relationship can be found by the following correlation coefficient:

ρ(r, f ) = ⟨(i2πf ûz )( ⃗ ▽ xy ⋅ ⃗ u) * ⟩ ⟨|i2πf ûz | 2 ⟩ 1/2 ⟨| ⃗ ▽ xy ⋅ ⃗ u| 2 ⟩ 1/2 (C 2)
where < . > denotes an average over the data blocks and θ (as the flow is statistically axisymmetric), and (.) * the complex conjugate. A high value of ρ suggests that the approximation of frozen turbulence is accurate. Principal component analysis is then finally used to obtain the sought convection velocity, u c (r, f ), as the direction of the eigenvector with the largest eigenvalue for the Hermitian matrix evaluated of each (r, f ):

⟨| ⃗ ▽ xy ⋅ ⃗ u| 2 ⟩ ⟨(i2πf ûz )( ⃗ ▽ xy ⋅ ⃗ u) * ⟩ ⟨( ⃗ ▽ xy ⋅ ⃗ u)(i2πf ûz ) * ⟩ ⟨|i2πf ûz | 2 ⟩
The result of the above computation is illustrated for the unforced jet at Re = 1.5×10 5 in figure 22 for f = 0.49. The correlation coefficient is high (> 0.7) in most part of the spectrum, especially on the high-speed side of the shear layer (r < 0.7) and f around 0.49. The validity of the hypothesis fails for very low f and regions of high turbulence intensity (r > 0.7), as expected. The variation of u c with r shows that it is almost constant in the jet core but gradually decreases in the shear layer. A large number of results of the article relying on the use of Taylor's hypothesis pertain to the jet at Re = 1.5 × 10 5 , with or without forcing at f = 0.49. For both these cases, we thus consider a constant value of the convection velocity, u c = 0.6, that is observed to approximate well u c (r, f ) up to a radial location of r = 0.7 (also in the excited case, not shown here for conciseness). On the other hand, the exact value of u c (r, f ) was considered in the framework of vortex rings strengths estimation, in section 4.4, in order to obtain as accurate results as possible.

Appendix D. Estimation of strength of the m = 0 mode

We choose to characterize the strength of the m = 0 mode by restricting to only the n = 1 SPOD mode corresponding to the azimuthal vorticity fluctuations. Keeping only the n = 1 SPOD mode discards the contribution from small scale turbulence, allowing the extraction of the most energetic m = 0 mode over all frequencies and an estimation of the approximate strength of the vortex rings. Contribution of higher SPOD modes to the axisymmetric mode was found to be not significant. For instance, in the unforced case of Re = 1.5 × 10 5 jet, n = 1 SPOD mode contributed to 64.3 % compared to 9.0 % contribution from the n = 2 SPOD mode to the percentage of energy contained in the m = 0 mode. Though SPOD is not needed for the excited cases, where the most of the energy is concentrated in the excited m = 0 mode, it is used in order to be able to compare with the unexcited jet. We here show more details on how this estimate is derived in practice.

The strength of the vortex rings can be estimated from the reconstructed vorticity from the velocity POD modes along with the use of Taylor's hypothesis in the axial direction. This vorticity is defined as:

ω θ (r, θ, t) = ∂u r (r, θ, t) ∂z - ∂u z (r, θ, t) ∂r (D 1)
Using z = -u c t, where u c is the convection velocity obtained from the application of Taylor's hypothesis, we have

ω θ (r, θ, t) = 1 -u c ∂u r (r, θ, t) ∂t - ∂u z (r, θ, t) ∂r (D 2)
which in the Fourier space is:

ωθ (r, m, f ) = (j2πf ) u c ûr (r, m, f ) - ∂ ûz (r, m, f ) ∂r (D 3)
From POD, we have

ωθ (r, f ) = n â(n) (m, f ) ψ(1) ω θ (r, f ) (D 4)
where ψ(1) ω θ (r, f ) is the vorticity eigenfunction reconstructed from the velocity eigenfunctions, distinguishing it from the eigenfunctions of POD of vorticity field itself. Considering just the first POD and m=0 mode, equation D 3 becomes

ωθ (r, f ) = â(1) (f ) ψ(1) ω θ (r, f ) (D 5)
where,

ψ(1) ω θ (r, f ) = (j2πf ) u c φ(1) r (r, f ) - ∂ φ(1) z (r, f ) ∂r (D 6) ω (1),m=0
θ,RM S provides the strength of the most energetic m=0 mode, which can be estimated as follows:

< ω ′ 2 θ > 1/2 ≈ ω (1),m=0 θ,RM S 2 = 1 F F 0 |â (1) (0, f ) ψ(1) ω θ (r, 0, f )| 2 df = 1 F F 0 ûz (1) (r, 0, f ) ψ(1) ω θ (r, 0, f ) φ(1) z (r, 0, f ) 2 df (D 7) Hence, < ω ′ 2 θ > 1/2 ≈ 1 F F 0 |û (1) z (r, f )| 2 ψ(1) ω θ (r, f ) φ(1) z (r, f ) 2 df 1/2 (D 8)
To finally account for the vortex rings, û(1) z (r, f ) and φ(1) z (r, f ) are both evaluated at the same radial location, whereas the maximum value of ψ(1) ω θ (r, f ) in the shear layer is considered. The variation of u c (r, f ) was taken into account in the Taylor's hypothesis while computing ψ(1) ω θ (r, f ).

Introduction

Direct numerical simulations (DNS) of round jets at low 𝑅𝑒 in the past have shed light on the evolution of jets through its rolling up into vortex rings, pairing of the rings and formation of the streamwise vortices (Brancher et al., 1994;[START_REF] Verzicco | Direct simulations of the transitional regime of a circular jet[END_REF][START_REF] Danaila | Coherent structures in a round, spatially evolving, unforced, homogeneous jet at low reynolds numbers[END_REF], consistent with the experimental findings (Liepmann and Gharib, 1992). In their DNS of jets at 𝑅𝑒 = 10 4 , [START_REF] Verzicco | Direct simulations of the transitional regime of a circular jet[END_REF] reported that streamwise vortices play a role in the creation of small scales in the near field. Brancher et al. (1994) found that in axially and azimuthally perturbed round jets at 𝑅𝑒 = 10 3 , the observed deformations of the vortex rings could be linked to the occurrence of the streamwise vortices. However, in these studies, the role of mean shear in the interaction of the vortices and their eventual break down is missing. For example, a comprehensive understanding of how the deformed vortex rings would further evolve under the influence of mean shear could offer possible explanations for the presence of small scale structures observed in higher 𝑅𝑒 jets, as observed experimentally in Kantharaju et al. (2020). A DNS of the entire jet, could sometimes, make it difficult to pinpoint a particular interaction between the vortices as there could be several events taking place at the same time or spatial location. These different events would no doubt influence each other. Nevertheless, it could be insightful to build a simplified model representing the near field that isolates the system of vortex rings and streamwise vortices, and study its evolution in an external mean shear; keeping it simple enough to observe the essential features while still retaining the important aspects of round jet. We have aimed at constructing such a model in the current work, focusing on understanding the role of mean shear in the break down of vortex rings.

First, we will review some numerical works that have simulated isolated vortices to understand their temporal and spatial evolution. There have been several studies on the vortex rings themselves, due to their ubiquitous nature in fluid mechanics. [START_REF] James | Direct numerical simulation of a laminar vortex ring[END_REF] generated vortex rings from a brief discharge of fluid from a nozzle or an orifice in a DNS study. Though the main focus of their work was on observing the formation phase of the vortex rings, some post-formation analysis showed the generation of a bubble around the ring and shedding of vorticity from the ring into the wake behind the ring propagating under its self-induced velocity. [START_REF] Archer | Direct numerical simulation of vortex ring evolution from the laminar to the early turbulent regime[END_REF] simulated the later stages of a laminar vortex ring transitioning to turbulence, for different vortex core radii. They reported that a secondary structure was formed the tilting and stretching of the outer core vorticity in the transition process and during the turbulent phase, discrete vortical structure in the form of hairpin vortices was shed from the ring. In the recent years, the transient growth studies of [START_REF] Mao | Optimal transient growth on a vortex ring and its transition via cascade of ringlets[END_REF] shed light on a possible mechanism of break down of vortex rings; through the formation of a cascade of secondary ringlet structures. [START_REF] Marshall | Evolution and breakup of vortex rings in straining and shearing flows[END_REF] conducted discrete vortex element simulations to study the evolution and break down of vortex rings subjected to external strain and shear. Particularly, they looked at a vortex ring in an external linear shear flow, normal to the initial plane of the ring. They observed that the ring undergoes differential tilting and stretching along the direction of the shear. The result was that a hairpin-like structure formed on the part of the ring travelling in the direction opposite to the shear and a hook-like structure formed on the part that propagated in the direction of the shear. Another interesting work by [START_REF] Cheng | Motion of a vortex ring in a simple shear flow[END_REF] involves temporally evolving vortex rings in a linear shear flow in the plane of the ring for different shear rates. The rings were again observed to tilt and deform due to differential induced velocity on the upstream and downstream side of the ring, which they attributed to the entrained background vorticity, an effect of the imposed shear.

While the above mentioned works present evolution of single vortex rings and their break down, the idea of isolating vortices present in a complex flow and following their evolution in a mean background flow is not new. [START_REF] Zhou | Mechanisms for generating coherent packets of hairpin vortices in channel flow[END_REF] performed DNS of a hairpin vortex placed in the mean turbulent field of a low Reynolds number channel flow and proposed mechanisms for generation of packets of hairpin vortices, thus highlighting the important role played by the mean shear. Eitel-Amor et al. ( 2015) also aimed to understand the role of hairpin structures in turbulent boundary layers, by introducing a single hairpin structure (initialized through a perturbation) into a mean shear flow that is representative of turbulent channels or boundary layers. The interesting part of this work is that they included the effect of background turbulence on the temporal evolution of the vortex. The main conclusion of the simulation was that the hairpin regeneration process is not sustained in a turbulent flow. It is these two works [START_REF] Zhou | Mechanisms for generating coherent packets of hairpin vortices in channel flow[END_REF][START_REF] Eitel-Amor | Hairpin vortices in turbulent boundary layers[END_REF] that further motivated us to follow a similar approach; to introduce vortex rings and streamwise vortices in the turbulent mean flow of a round jet and study the evolution of the system. In building such a model, we aim to contribute towards a better understanding of the dynamics of the vortices in the near field of round jets. In this chapter, we present the numerical approach in section 4.2, along with a grid and domain sensitivity study. Validation of the computational setup and study of the temporal evolution of an isolated vortex ring is included in section 4.3. Section 4.4 presents preliminary results on the effect of a sinusoidal shear on the ring evolution.

Method

Direct numerical simulations (DNS) were performed using FAST (Flexible Aerodynamic Solver Technology), a high performance computing Navier-Stokes solver that has been developed at ONERA [START_REF] Mary | Flexible aerodynamic solver technology in an hpc environment[END_REF]; [START_REF] Renaud | Validation of an immersed boundary method for compressible flows[END_REF]. It is used in numerous aerodynamics research projects at ONERA.It is made by a set of independent modules, each of them defining a CFD solver dedicated to Cartesian, curvilinear and polyhedral grids, which rely on the CGNS (CFD General Notation System)/Python data representation. These modules work in an interoperable way with other modules, most of them being Cassiopee modules devoted to pre, co and post-processing, also developed at ONERA. Each CFD solver solves the compressible Euler and Navier-Stokes equations using a second-order accurate Finite-Volume Method, only for interior points of each grid.

The FAST solver is optimized for regular Cartesian grids, simplifying flux formula and metrics, gaining both in CPU time and memory. Besides, it has a highly efficient parallelization based on hybrid MPI/OpenMP approach. The computational load is distributed between blocks and under-blocks, enabling cache blocking. Hence, this solver was chosen for the current simulations owing to its computational speed and efficiency.

Numerical approach

We consider a vortex ring of radius, 𝑅 and core radius, 𝛿 with circulation, Γ and Reynolds number 𝑅𝑒 = Γ/𝜈. Figure 4.1 shows the coordinate axes and the orientation of the vortex ring. The ring propagates in the positive 𝑧-direction with respect to Cartesian coordinate system, (𝑥, 𝑦, 𝑧) and with corresponding velocity components, 𝒖 = (𝑢 𝑥 , 𝑢 𝑦 , 𝑢 𝑧 ).

The compressible solver was adapted to the current problem for performing quasi-incompressible vortical simulations. A minimum required Mach number of 0.16 was chosen as a trade-off between accuracy and compressibility effects. As the ultimate goal of this chapter is to study the temporal evolution of the vortex rings in an external shear flow, inflow/ outflow boundaries were used in the axial direction. The simulation domain consisted of two major zones as seen in figure 4.1: a) the main central cubic zone of length 𝐿𝑧 with a uniform Cartesian grid, in which the temporal evolution of the ring was studied b) zones of length 𝐿𝑧_𝑠𝑡𝑟𝑒𝑡𝑐ℎ with stretched grid in 𝑧-direction on the two sides of the central zone in the 𝑧-direction. The purpose of the stretched grid was twofold; first was that the inflow/outflow boundaries could be placed far from the vortex ring without a significant increase in the computational cost. The second purpose was to dissipate the spurious oscillations (or the acoustic waves) generated as the initial Gaussian vorticity profile adjusts to satisfy the Navier stokes equations, in order to prevent those oscillations from interacting with the boundaries. Also as discussed in [START_REF] Archer | Direct numerical simulation of vortex ring evolution from the laminar to the early turbulent regime[END_REF], the vortex ring sheds a wake which can interact with the boundaries and hence the stretched grid helped reduce this as well.

The case B1 of [START_REF] Archer | Direct numerical simulation of vortex ring evolution from the laminar to the early turbulent regime[END_REF] was chosen as a benchmark case to validate the current setup and study the grid and domain sensitivity of the results. For this, the initial ring radius, 𝑅 𝑜 = 10 m, initial Reynolds number, Γ 𝑜 /𝜈 = 5500 and initial core radius, 𝛿 𝑜 /𝑅 𝑜 = 0.2. The parameters concerning the stretched grid, distance of the lateral boundaries and grid size were determined based on a domain and grid sensitivity study, which will be presented shortly. All integral properties of the vortex ring studied here were computed in a logging domain (see figure 4.1), following [START_REF] Archer | Direct numerical simulation of vortex ring evolution from the laminar to the early turbulent regime[END_REF], in order to avoid the wake vorticity from causing spurious variations in the computed quantities. The logging domain was the central cubic zone truncated in the 𝑧-direction, to extend two ring radii upstream and downstream from the center of the ring.

Boundary conditions and numerical schemes:

Periodic boundary condition was employed in the lateral directions, i.e. in 𝑥 and 𝑦. Inflow and outflow boundaries were present in the 𝑧-direction, i.e. the corresponding boundary conditions were applied at the rightmost and leftmost boundaries of the stretched zones, respectively. Nonreflecting characteristic boundary condition was applied at the right (inflow) boundary with an inlet velocity such as to maintain the ring in the central zone. The self-induced or convection velocity of the ring varies in time as the ring evolves [START_REF] Archer | Direct numerical simulation of vortex ring evolution from the laminar to the early turbulent regime[END_REF][START_REF] Bergdorf | Direct numerical simulations of vortex rings at re𝛾[END_REF]. So, instead of varying the inlet velocity to adapt to the time-dependent ring velocity as done in [START_REF] Archer | Direct numerical simulation of vortex ring evolution from the laminar to the early turbulent regime[END_REF], we simply set a constant velocity at the inflow, 𝑢 𝑧,𝑟 𝑒 𝑓 = -0.2Γ 𝑜 /𝑅 𝑜 , which ensured that the ring remained in the central zone. This was equivalent to performing computations in a reference frame moving at a constant axial velocity, 𝑢 𝑧,𝑟 𝑒 𝑓 . As a result, initially the ring tend to move in the positive 𝑧-direction but as it evolved, its convection velocity decreased and it started moving in the negative 𝑧-direction. Outflow boundary condition involved setting 𝜕𝑢 𝑥 /𝜕𝑧 = 𝜕𝑢 𝑦 /𝜕𝑧 = 𝜕𝑢 𝑧 /𝜕𝑧 = 0.

Explicit time integration was employed with 𝑑𝑡 = 5 × 10 -4 s yielding a Courant-Friedrichs-Lewy (CFL) number, of ≈ 0.6, based on local velocity and grid size. The numerical scheme 'senseur' defined in FAST solver was used for the discretization of the convective fluxes. It is a hybrid upwind/centered scheme derived from the AUSM + (P) scheme [START_REF] Mary | Large eddy simulation of flow around an airfoil near stall[END_REF], which is equipped with a numerical sensor that tests the regularity of the solution. If the numerical sensor locally detects oscillations in the solution, the upwind version of numerical scheme 'senseur' is used in order to stabilize the solution and kill the oscillations. If the numerical sensor does not detect any oscillations in the solution, the centered version is used in order to limit numerical dissipation. The scheme is second order accurate [START_REF] Edwards | Low-diffusion flux-splitting methods for flows at all speeds[END_REF] and is well adapted for simulation of low-Mach-number flows [START_REF] Mary | Large eddy simulation of flow around an airfoil near stall[END_REF]. Second order central difference scheme is used for the viscous fluxes.

Initial condition

Similar to [START_REF] Archer | Direct numerical simulation of vortex ring evolution from the laminar to the early turbulent regime[END_REF], the vortex ring was initialized with a Gaussian distribution of vorticity centered along a slightly perturbed circle of radius, 𝑅 ′ (𝜃), lying in the 𝑥𝑦-plane. The azimuthal vorticity, 𝜔 𝜃 profile was: where

𝜔 𝜃 (𝑠) = Γ 𝜋𝛿 2 𝑒𝑥 𝑝(-𝑠 2 /𝛿 2 ) (4.1) (a) (b)
𝑠 2 = 𝑧 2 + (𝑟 -𝑅 ′ (𝜃)) 2 .
Circulation, Γ is defined as:

Γ = ∫ 𝜔 𝜃 𝑑𝑟 𝑑𝑧 (4.2)
The local ring radius, 𝑅(𝜃) was written as the initial ring radius, 𝑅 𝑜 perturbed by a sum of 𝑁 Fourier modes with an amplitude controlled by a small parameter 𝜁 << 1 such that:

𝑅 ′ (𝜃) = 𝑅𝑜[1 + 𝜁 𝑓 (𝜃)], 𝑓 (𝜃) = 𝑁 𝑛=1 𝐴 𝑛 𝑠𝑖𝑛(𝑛𝜃) + 𝐵 𝑛 𝑐𝑜𝑠(𝑛𝜃)
where 𝐴 2 𝑛 + 𝐵 2 𝑛 = 1 with random phase. In the current work, a radial perturbation of amplitude 𝜁 = 2 × 10 -4 was imposed on the first 32 azimuthal modes as in [START_REF] Archer | Direct numerical simulation of vortex ring evolution from the laminar to the early turbulent regime[END_REF]. The azimuthal vorticity and velocity profiles corresponding to the above initial condition are shown in figure 4.2.

In the following sections, we present dimensional quantities in uppercase symbols and nondimensional quantities with lowercase symbols. Lengths are scaled with 𝑅 𝑜 and time is scaled with Γ 𝑜 /𝑅 2 𝑜 , i.e. all quantities are non-dimensionalized with the initial values, 𝑅 𝑜 and Γ 𝑜 , unless mentioned otherwise.

Grid and domain sensitivity study

The influence of three main parameters for the computational domain are studied next, viz. the distance of the inflow/outflow boundaries, distance of the lateral boundaries, in 𝑥-and 𝑦-directions and uniform grid refinement in the central zone. The variation of these parameters is given in table 4.1. In the following, the radial profile of 𝜔 𝜃 and evolution of the ring location 𝑧 𝑟 𝑖𝑛𝑔 and Γ with time 4.1 Parameters studied for grid and domain sensitivity (see figure 4.1 for their definitions). Stretching factor, 𝐿𝑧_𝑠𝑡𝑟𝑒𝑡𝑐ℎ/𝑅 𝑜 and 𝑁 𝑧_𝑠𝑡𝑟𝑒𝑡𝑐ℎ pertain to the stretched grid, 𝐿𝑦_𝑟𝑖𝑛𝑔/𝑅 𝑜 to the distance of the lateral boundaries and 𝑑𝑥 = 𝑑𝑦 = 𝑑𝑧 to the uniform grid size in the central zone.

z ring

Fig. 4.3 Domain sensitivity study: effect of the distance of the inflow/ outflow boundaries in terms of 𝐿𝑧_𝑠𝑡𝑟𝑒𝑡𝑐ℎ, the length of the zone with stretched grid ; shown is the evolution of the axial ring location (𝑧 𝑟 𝑖𝑛𝑔 ) in time, blue line represents 𝐿𝑧_𝑠𝑡𝑟𝑒𝑡𝑐ℎ = 2.31𝑅 𝑜 , orange line 𝐿𝑧_𝑠𝑡𝑟𝑒𝑡𝑐ℎ = 4.48𝑅 𝑜 and green line 𝐿𝑧_𝑠𝑡𝑟𝑒𝑡𝑐ℎ = 6.65𝑅 𝑜 , that correspond to cases-1,2,3 respectively in table 4.1.

were used to evaluate the influence of the above parameters. The ring location was determined by considering the 𝑧 location along 𝑥 = 𝑦 = 6𝑅 𝑜 at which maximum 𝑢 𝑧 is obtained. 1) The stretched grid: Different lengths of the stretched grid, i.e. 𝐿𝑧_𝑠𝑡𝑟𝑒𝑡𝑐ℎ were tested with different number of grid points, 𝑁 𝑧_𝑠𝑡𝑟𝑒𝑡𝑐ℎ. The stretching factor controlled the amount of stretching employed for a given 𝑁 𝑧_𝑠𝑡𝑟𝑒𝑡𝑐ℎ that resulted in varying 𝐿𝑧_𝑠𝑡𝑟𝑒𝑡𝑐ℎ. It was seen that the inflow/outflow boundaries being too close (case-1) or very few points stretched over a larger length (case-3) had only a slight effect on the density and temperature field (below 2%). Figure 4.3 shows the location of the ring in time for different stretching factors (cases-1,2,3). For the case with the closest boundaries (case-1), an influence of the boundaries is evident after a certain time. Doubling the 𝑁 𝑧_𝑠𝑡𝑟𝑒𝑡𝑐ℎ to 96 did not result in any significant changes. Hence, 𝑁 𝑧_𝑠𝑡𝑟𝑒𝑡𝑐ℎ = 48 is chosen that gives 𝐿𝑧_𝑠𝑡𝑟𝑒𝑡𝑐ℎ = 4.48𝑅 𝑜 for each stretched grid.

2) Distance of the lateral boundaries: Since periodic boundary conditions were applied in the lateral direction, the distance of the boundaries in 𝑥 and 𝑦 could have an impact on the solution. With the z ring periodic boundary condition, it was equivalent to simulating an array of vortex rings in both 𝑥-and 𝑦-directions. As seen in figure 4.4, a clear influence of the periodicity is evident for 𝐿𝑦_𝑟𝑖𝑛𝑔 = 4.0𝑅 𝑜 , where the motion of the ring was affected by the boundaries. Also, the radial profile of 𝜔 𝜃 agrees well with that of [START_REF] Archer | Direct numerical simulation of vortex ring evolution from the laminar to the early turbulent regime[END_REF]'s for 𝐿𝑦_𝑟𝑖𝑛𝑔 greater than 5.0𝑅 𝑜 . Hence, 𝐿𝑦_𝑟𝑖𝑛𝑔 = 6.0𝑅 𝑜 was chosen.

3) Refinement level:

The uniform grid size in the central zone seen in figure 4.1 was varied to determine an optimum grid resolution. The evolution of 𝑧 𝑟 𝑖𝑛𝑔 and Γ in time gives a good measure of whether the grid is resolved enough, to capture the azimuthal instabilities that the ring might develop during its evolution. This is shown in figure 4.5. Slight differences in Γ can be seen between 𝑑𝑥 = 0.047 and 𝑑𝑥 = 0.031. However, we judged that a refinement similar to [START_REF] Archer | Direct numerical simulation of vortex ring evolution from the laminar to the early turbulent regime[END_REF], allowing to retrieve their results, was a fair compromise between accuracy and computational times. Hence, a refinement of 𝑑𝑥 = 0.031, uniform in all three directions in the central zone, was used in the simulations presented in this chapter. A validation of the current setup with the results of [START_REF] Archer | Direct numerical simulation of vortex ring evolution from the laminar to the early turbulent regime[END_REF] is presented in the following section that will endorse the choice of this refinement.

In the flow under consideration, the Kolmogrov scale was found to be ≈ 0.003𝑅 𝑜 and the minimum grid size in the central zone was 𝑑𝑥 ≈ 0.03. A 𝑑𝑥 of the order of 10× the Kolmogrov scale is generally considered to be a direct numerical simulation as in the work of [START_REF] Archer | Direct numerical simulation of vortex ring evolution from the laminar to the early turbulent regime[END_REF]. However, we still observed small differences between the simulations with the finest resolution and the coarser ones, suggesting that this might not be fully DNS. Hence, we could call it rather a quasi-DNS and, in the next steps, run a simulation with an even finer grid, and assess if it leads to changes in the final physical phenomena significant enough to justify the increase in computational time. 4.2 Simulation parameters for the validation of the current setup to reproduce the results of case B1 of [START_REF] Archer | Direct numerical simulation of vortex ring evolution from the laminar to the early turbulent regime[END_REF], where, 𝐿𝑧_𝑟𝑖𝑛𝑔 is the distance of the ring from the left boundary of the central zone, 𝐿𝑦_𝑟𝑖𝑛𝑔 is the distance of the lateral periodic boundaries, 𝑑𝑥 is the grid size in the central zone.

The simulation parameters determined from above analysis along with the ring parameters, are summarized in table 4.2 that were used to validate the case B1 of [START_REF] Archer | Direct numerical simulation of vortex ring evolution from the laminar to the early turbulent regime[END_REF] in the next section.

Temporal evolution of an isolated vortex ring

Next, we study the temporal evolution of an isolated vortex ring with a Reynolds number, Γ 𝑜 /𝑛𝑢 = 5500 and the parameters in table 4.2 to reproduce the results of [START_REF] Archer | Direct numerical simulation of vortex ring evolution from the laminar to the early turbulent regime[END_REF] for case B1, as a validation step for the current setup. We will also explore the characteristics of the evolution. Laminar evolution of the ring: Figure 4.6 shows the evolution of the circulation, Γ on the left and its rate of decay on the right. Different stages in the evolution of the ring are evident. In the initial stages of the development, there is a sudden decrease in the Γ values between 𝑡 ≈ 5 and 𝑡 ≈ 25. This indicates the initial adjustment phase of the Gaussian vorticity distribution, which is an exact solution of the Navier-Stokes equations only for infinitely thin rings. This adjustment takes place in the form of shedding of vorticity from the ring that modifies the ring geometry and results in the observed large decrease in the Γ values. The new vorticity distribution in the core is such that it is skewed in the radial direction as seen in figure 4.7, compared to the initial symmetrical profile as seen in figure 4.2. At 𝑡 ≈ 25.0, the ring reaches a new equilibrium state as also found by [START_REF] Archer | Direct numerical simulation of vortex ring evolution from the laminar to the early turbulent regime[END_REF] for their case B1. This adjusted solution is often referred to as the equilibrated solution of the initial Gaussian profile and has been used as the base flow in the stability analysis of vortex rings in [START_REF] Mao | Optimal transient growth on a vortex ring and its transition via cascade of ringlets[END_REF]; [START_REF] Balakrishna | Inviscid and viscous global stability of vortex rings[END_REF]. After this 𝑡, the circulation decays more slowly. Note that it is the solution at this time instant that will be temporally evolved in the presence of a mean shear in the following section. Good agreement is found with the results of [START_REF] Archer | Direct numerical simulation of vortex ring evolution from the laminar to the early turbulent regime[END_REF] in terms of the decay rate. The jagged variation of the decay rate can be observed for 𝑡 > 25. So far, we do not have a definite explanation for this jagged behavior, which would require further investigation, possibly in the direction of the numerical schemes used to compute the time derivatives. Also, figure 4.7 which shows the 𝜔 𝜃 profile at 𝑡 = 25, agrees well with that of [START_REF] Archer | Direct numerical simulation of vortex ring evolution from the laminar to the early turbulent regime[END_REF]. The evolution of the vortex ring geometry can be characterized in terms of some integral parameters defined by [START_REF] Saffman | The velocity of viscous vortex rings[END_REF]. From the first and second radial moments of the azimuthal vorticity 𝜔 𝜃 , measures of the ring radius, 𝑅 𝜃 and 𝑅 2 2 , are computed as,

𝑅 𝜃 = 1 Γ ∫ 𝑟𝜔 𝜃 𝑑𝑟 𝑑𝑧, (4.3) 𝑅 2 2 = 1 Γ ∫ 𝑟 2 𝜔 𝜃 𝑑𝑟 𝑑𝑧 (4.4)
and the core thickness 𝛿 𝜃 , as,

𝛿 2 𝜃 = 2(𝑅 2 2 -𝑅 2 𝜃 ) (4.5)
These are shown in figure 4.8. The ring radius, 𝑅 𝜃 remains constant until 𝑡 ≈ 80, after which it starts decreasing as the laminar phase of the evolution comes to an end and early turbulent stages begin to appear. The core radius, 𝛿 𝜃 normalized by 𝑅 𝜃 , on the other hand, is seen to increase steadily until 𝑡 ≈ 125. It gives a measure of the diffusion of the core vorticity. These profiles match qualitatively well with those of [START_REF] Archer | Direct numerical simulation of vortex ring evolution from the laminar to the early turbulent regime[END_REF]'s case of thin cores. Next, we present the axial location of the vortex ring in figure 4.9, computed using:

𝑧 𝑟 𝑖𝑛𝑔 = 1 2Ω ∫ 𝑧|𝜔| 2 𝑑𝑥𝑑𝑦𝑑𝑧, (4.6)
where Ω is the total enstrophy equal to ∫ |𝜔| 2 𝑑𝑥𝑑𝑦𝑑𝑧. As mentioned in section 4.2, note that in order to retain the ring in the central computational zone, a constant reference frame velocity of 𝑢 𝑧,𝑟 𝑒 𝑓 = -0.2Γ/𝑅𝑜 was used. The results of [START_REF] Archer | Direct numerical simulation of vortex ring evolution from the laminar to the early turbulent regime[END_REF]; [START_REF] Bergdorf | Direct numerical simulations of vortex rings at re𝛾[END_REF] showed that the translational velocity of the ring, 𝑢 𝑧,𝑟 𝑖𝑛𝑔 decreases with time. Hence, in figure 4.9, the axial location of the ring shows that until 𝑡 ≈ 80, 𝑢 𝑧,𝑟 𝑖𝑛𝑔 > 𝑢 𝑧,𝑟 𝑒 𝑓 and the ring convects in the positive z ring Fig. 4.9 Evolution of the axial location of the ring with respect to the reference frame moving with 𝑢 𝑧,𝑟 𝑒 𝑓 = -0.2Γ 𝑜 /𝑅 𝑜 .

𝑧-direction (forwards). With the onset of turbulence, as the 𝑢 𝑧,𝑟 𝑖𝑛𝑔 falls below 𝑢 𝑧,𝑟 𝑒 𝑓 , the ring convects in the negative 𝑧-direction (backwards).

Next, the growth of azimuthal modes on the ring core were computed based on the axial vorticity 𝜔 𝑧 in the ring cross-section as done in [START_REF] Bergdorf | Direct numerical simulations of vortex rings at re𝛾[END_REF]. The Cartesian grid data was interpolated onto a cylindrical grid and Fourier transform in the azimuthal direction was performed on the axial vorticity component. Figure 4.10 shows this evolution at several time instances and radial locations in the ring core. The three radial locations show similar trends in the distribution of the azimuthal modes. In the initial condition defined in section 4.2, 32 azimuthal modes were imposed on the ring core with a radial perturbation amplitude of 2 × 10 -4 . Among these, figure 4.10 shows that, in the laminar phase of the evolution, 𝑚 = 10 gets amplified the most at 𝑡 = 42.2 and then the most amplified mode shifts to 𝑚 = 9 at 𝑡 = 112.6. By 𝑡 = 154.8 in the transitional phase, there is an amplification of other modes as well, with an overall decrease in the amplitudes. The system settles towards lower modes (𝑚 < 11) in the later stages, at 𝑡 = 197.1, where the ring becomes turbulent as seen in 4.6. The azimuthal and streamwise vorticity contours are shown in figure 4.11 at different time instants during the initial evolution of the ring. The azimuthal instability of the ring core becomes visible from 𝑡 = 56.3 onwards with significant 𝜔 𝑧 developing. The asymmetry comes from the initial condition that contained superposition of 32 Fourier modes in the azimuthal direction, as defined in section 4.2.

Evolution of a vortex ring in an external shear flow

The influence of external shear on the evolution of a vortex ring in time is discussed next. The ring was subjected to a shear which was initially oriented in the direction normal to the plane of the ring (see figure 4.1). First, the effect of a sinusoidal shear in the 𝑦-direction, 𝑢 𝑧 (𝑦) = 𝐾 𝑠𝑖𝑛(𝑦) as shown in the figure 4.12, was studied. Here, 𝐾 is the maximum shear rate, occurring along the center of the vortex ring, 𝑦 = 6 (corresponding to 𝑟 = 0 in the spherical coordinates introduced in section 4.2). The choice of this kind of shear was remotely inspired by the work of [START_REF] Marshall | Evolution and breakup of vortex rings in straining and shearing flows[END_REF], who studied the effect of linear shear on the evolution of a vortex ring using discrete vortex element method for inviscid flows. This work [START_REF] Marshall | Evolution and breakup of vortex rings in straining and shearing flows[END_REF] offered a qualitative comparison for understanding the effect of shear on vortex rings, and also allowing to study the role played by viscosity in the process. The sinusoidal shear was considered in the current study instead of a linear shear, also mainly due to the periodic boundary condition used in the 𝑦-direction.

Problem formulation

The initial constraint in the current simulations was the limited size of the domain in the axial direction and the motion of the ring under its self-induced velocity, such that the ring escaped the central zone before significant changes in its evolution in time could be studied. Hence, the initial Gaussian profile defined in section 4.2 was first evolved as discussed in section 4.3, to obtain what was considered as the equilibrated solution. This solution was reached at 𝑡 = 25, denoted by 𝒖 * (𝑥, 𝑦, 𝑧) in the reference frame moving at 𝑢 𝑧,𝑟 𝑒 𝑓 = -0.2Γ 𝑜 /𝑅 𝑜 and was then evolved in the presence of an external shear flow. The boundary conditions in the 𝑧-direction used in section 4.2 were then modified to incorporate a shear flow in the direction of the self-induced motion of the vortex ring, i.e. in positive 𝑧-direction. In this modified setup, the inflow boundary condition, 𝑢 𝑧 (𝑥, 𝑦, 𝑧 = 0) = 𝑢 * 𝑧 (𝑥, 𝑦, 𝑧 = 0) + 𝐾 𝑠𝑖𝑛(𝑦), was imposed at the left boundary. Outflow boundary condition, i.e. 𝜕𝑢 𝑥 /𝜕𝑧 = 𝜕𝑢 𝑦 /𝜕𝑧 = 𝜕𝑢 𝑧 /𝜕𝑧 = 0, was imposed on the right boundary. The boundary conditions in the lateral direction, the domain size and grid size were the same as mentioned in 4.2. Note that, we still compute the solution in the reference frame moving at 𝑢 𝑧,𝑟 𝑒 𝑓 = -0.2Γ 𝑜 /𝑅 𝑜 as in section 4.3, which aids in maintaining the ring in the central zone. In this reference frame, in the absence of external shear, figure 4.9 showed that initially the ring propagates in the positive 𝑧-direction when its self-induced velocity, 𝑢 𝑧,𝑟 𝑖𝑛𝑔 > 𝑢 𝑧,𝑟 𝑒 𝑓 i.e. upto 𝑡 ≈ 80 and then as 𝑢 𝑧,𝑟 𝑖𝑛𝑔 falls below 𝑢 𝑧,𝑟 𝑒 𝑓 , the ring moves in the negative 𝑧-direction. We will recall this as we discuss the results on the evolution of the ring placed in the external shear in the following section. The initial condition was the equilibrated ring solution superposed with the external shear flow, i.e. 𝒖(𝑥, 𝑦, 𝑧, 𝑡 * = 0) = 𝒖 * (𝑥, 𝑦, 𝑧, 𝑡 * = 0) + 𝐾 𝑠𝑖𝑛(𝑦) (4.7)

where, we define 𝑡 * = 𝑡 -25 such that time is measured after the equilibration of the Gaussian vorticity profile.

Results

The effect of shear was studied by varying the maximum rate of shear, 𝐾, mostly on a qualitative basis to date. 𝑄 -𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛 was used to visualize the vortex ring, which identifies a vortex based on the positive value of the second invariant, 𝑄 of the velocity gradient tensor, ∇𝒖 [START_REF] Zhou | Mechanisms for generating coherent packets of hairpin vortices in channel flow[END_REF]. 𝑄 is given by,

𝑄 = 1 2 [|𝛀| 2 -|𝑺| 2 ] (4.8) where, 𝛀 = 1 2 [∇𝒖 -(∇𝒖) 𝑇 ], 𝑺 = 1 2 [∇𝒖 + (∇𝒖) 𝑇 ]
and 𝒙 𝑇 denotes transpose of 𝒙. Thus, 𝑄 -𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛 identifies spatial regions where the vorticity dominates over rate of strain. Figure 4.13 shows the evolution of the ring in time for 𝐾 = 10, 𝑄 = 1.0, where 𝑡 * = 𝑡 -25. Note that the time instants shown in this figure correspond to 𝑡 < 80, i.e. 𝑢 𝑧,𝑟 𝑖𝑛𝑔 > 𝑢 𝑧,𝑟 𝑒 𝑓 and the ring propagates in the positive 𝑧-direction in the absence of shear (see figure 4.9), during this time. Two effects of the shear can be observed. First is the tilting of the ring in the direction of the shear. Initially at 𝑡 * = 0, when the vortex ring is aligned in the vertical, 𝑦-direction, the upper half of the ring which propagates in the direction of the shear, moves faster than the lower half which propagates against the shear. Hence, the ring tilts about its center with time until it gets aligned with the shear.

After this alignment has occurred, the velocity added by the shear now has both a component in the direction of propagation of the ring and a component in the plane of the ring, as shown in figure 4.14. Again, the upper half has higher velocity than the lower half. But the difference now is that the component of the shear in the plane of the ring tends to stretch the ring outwards in the direction of the shear. Hence, the resulting evolution of the ring in time is a result of the two processes that occur simultaneously, i.e. the differential motion of the two halves of the ring and the outwards stretching. The parameter 𝐾 could play an important role in this balance and will be studied below.

Also, in figure 4.13, the ring can be seen to be tilted by 𝑡 * = 11 and secondary structures being formed due to stretching. Most notable are the two long elongated structures that grow with time. Intermediately, other shorter structures form as well. At the same time, the ring is seen to get drifted in the negative 𝑧-direction (backwards) and negative 𝑦-direction (downwards) with time. This is due to two reasons; on one hand, the ring propagates forward due to its self-induced velocity. On the other hand, as it enters bottom half of the domain, the shear flow is in the negative 𝑧 direction. Hence, the ring is swept backwards due to the shear and the resulting motion is such that it travels along an inclined path. Next, the effect of 𝐾 in the above observed evolution of the ring in time is studied. Figure 4.16 shows the evolution of the ring for three values of 𝐾 = 0, 10 and 50, at three time instances, 𝑡 * = 5.5, 22 and 33. These time instances are presented here based on significant differences observed in the evolution. 𝐾 = 0 is the case studied in section 4.3, i.e. the evolution of a vortex ring in time without any external shear flow. For 𝐾 = 0, only slight differences are seen to occur for the time instants in figure 4.16. However, it was seen in section 4.3, that the ring develops azimuthal instabilities that grow in time. An example is shown in figure 4.17 for 𝑄 = 1.0 at 𝑡 * = 77. Also, the ring remains at the same location in the 𝑦 direction, i.e. there is no downward motion. By decreasing the 𝑄 value to 0.33, secondary structures formed around the ring core can be observed in figure 4.18 at the same 𝑡 * = 77. There is a remarkable qualitative agreement with the results of [START_REF] Archer | Direct numerical simulation of vortex ring evolution from the laminar to the early turbulent regime[END_REF], with respect to the iso-surfaces of 𝑄-criterion of a vortex ring at Γ 𝑜 /𝜈 = 7500 at 𝑡 * = 65 without any external shear, shown in their figure 10. There are no elongated structures in the direction normal to the plane of the ring, found as in figure 4.15. Now, comparing 𝐾 = 10 and 𝐾 = 50, we find that a higher shear rate has a drastic effect on the evolution of the ring. For both shear rates, initial tilting of the ring along the direction of the shear is observed. However, stretching of the ring is more dominant for 𝐾 = 50. The shear rate is so high that stretching occurs faster than the ring propagation. Hence, the ring is seen to remain around the same 𝑦 and the bottom half of the ring gets more stretched and is swept backwards while the upper half remains almost steady. Also interesting is the kind of secondary structures that are formed for the higher shear rate. With the reduced 𝑄 = 40, figure 4.19 shows the ring at an intermediate 𝑡 * = 22, when these structures have just begun to form, allowing easier visualization than at later stages where it becomes more complex. Three kind of structures can be seen to form, the two long elongated ones as seen in figure 4.15 for 𝐾 = 10, with the exception that these are formed in the lower part of the ring instead of in the upper half as for 𝐾 = 10. Then there are elongated structures wrapping around the upper half of the ring. Thirdly, smaller ring-like structures are formed along the ring core throughout that wrap around the core. 

Conclusion

As a summary, in this chapter, we have aimed at understanding the role of external shear on the temporal evolution of vortex rings. The computational setup was validated with the results of [START_REF] Archer | Direct numerical simulation of vortex ring evolution from the laminar to the early turbulent regime[END_REF] and a good agreement was found. Some interesting characteristics of the azimuthal instability of an isolated vortex ring at a Reynolds number, Γ 𝑜 /𝜈 = 5500 and core radius 𝛿 = 0.2𝑅 𝑜 , were observed. The equilibrated i.e. the adjusted solution of the initial Gaussian vorticity distribution was then evolved in a sinusoidal shear of the form 𝑢 𝑧 (𝑦) = 𝐾 𝑠𝑖𝑛(𝑦), in the direction normal to the initial plane of the ring. The effect of two values of the maximum shear rate 𝐾 = 10 and 50, on the vortex ring evolution was compared with the case without any shear. Tilting and stretching of the ring were observed along with a formation of secondary structures. The parameter, 𝐾 was seen to greatly affect these processes.

While these are promising results highlighting the important role played by the shear on the vortex ring evolution, it is just the beginning of an interesting work towards building a model to understand the dynamics and interplay of vortices in the near field of jets and the effect that the mean shear has on these. Hence, as future steps, we plan to carry out more simulations to explore the following aspects in the context turbulent round jets:

• How do deformed vortex rings evolve in the mean shear of a turbulent jet?

• How does this evolution change as the initial azimuthal perturbation given to the ring is increased, that mimics the deformation of rings caused by the wrapping of streamwise vortices around the rings, as observed for instance in the experiments on plane mixing layers [START_REF] Grinstein | Streamwise and spanwise vortex interaction in an axisymmetric jet. a computational and experimental study[END_REF]?

• What is the effect of adding background turbulence in the study of the evolution of the rings?

• How do the above change with respect to the Reynolds number and core radius of the vortex rings?

Chapter 5

The interplay of vortex rings and streaks

Next, insights into recently reported streaks (Nogueira et al., 2019;[START_REF] Pickering | Lift-up, kelvin-helmholtz and orr mechanisms in turbulent jets[END_REF] were gained towards achieving the objective 3 mentioned in Chapter 1. The experimental database obtained in Chapter 3 is further analyzed to obtain a more complete picture of the near field by integrating the convecting system of vortex rings and streamwise vortices discussed in Chapter 3 with the reported steady high-speed streaks.

In the following, a reproduction of the manuscript under consideration for submission to the Journal of Fluid Mechanics, titled 'The interplay of vortex rings and streaks in the near field of turbulent jets' is included.
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The interplay of vortex rings and streaks in the near field of turbulent jets In light of recent evidence of streaks in turbulent jets such as in Nogueira et al. (J. Fluid Mech., vol. 873, 2019, pp. 211-237), the current work explores their coexistence with vortex rings in the near field of turbulent round jets. A Reynolds number, Re = 1.5 × 10 5 jet is studied at two diameters downstream of the nozzle, using high-speed stereo particle image velocimetry. Spectral proper orthogonal decomposition (SPOD) is performed on the velocity vector. The spectra of individual velocity components reveal radially localized signatures of the large scale structures in the near field. The radial shapes of the SPOD modes corresponding to these energetic regions confirm these to be the vortex rings, streamwise vortices and streaks. The vortex rings and streamwise vortices are observed to occur in the shear layer at Strouhal number St ≈ 0.49, where they convect together as one system. On the other hand, high speed streaks are seen to exist in the outer edge of the jet at low St → 0. Correlation between streamwise vorticity and velocity suggest that the convecting streamwise vortices feed to the streaks. Reconstructed velocity field from the first SPOD mode and the first 12 azimuthal modes support the above picture. Finally, the role of vortex rings in the existence of streaks is studied by strengthening the rings through axisymmetric excitation. The streaks are observed to persist and spread radially outwards with excitation.

Key words:

Introduction

The presence of different vortical structures in the near field of turbulent round jets has been well understood numerically for instance, by Martin & Meiburg (1991); Brancher et al. (1994) and experimentally by Liepmann & Gharib (1992). One of the important structures evidenced in visualizations at low Reynolds numbers (Re) is the vortex rings, which are a result of the roll-up of the shear layer subjected to Kelvin-Helmholtz instability. The other is the secondary structure in the form of streamwise vortices, that are formed as a result of a secondary instability of either the vortex rings (Pierrehumbert & Widnall 1982) or the vorticity in the braid region (Corcos & Lin 1984). A rich dynamics exists in the near field of jets due to the interactions between these vortices (Zaman & Hussain 1980;[START_REF] Grinstein | Vorticity in jets[END_REF]. Both these structures play a significant role in mixing, entrainment and noise production in the near field of jets (Liepmann & Gharib 1992;Zaman 1985) and hence their study offers great potential for control applications.

However, at higher Re, the incoming boundary layer becomes turbulent and the presence of small-scale, less organized turbulence leads to unsteady and irregular formation of the above discussed vortices. Crow & Champagne (1971) found latent order in turbulent jets that emerged above the background turbulence, when the jet was externally forced. This seminal work established the idea that turbulent jets can sustain coherent structures (even jets with initially turbulent boundary layers) and that axisymmetric excitation can be employed to control their strength and evolution as studied in Zaman & Hussain (1980). An objective way of educing these structures is through spectral proper orthogonal decomposition, SPOD (see e.g. Towne et al. (2018)) based on turbulent kinetic energy. Several works such as Citriniti & George (2000); Jung et al. (2004); Iqbal & Thomas (2007); [START_REF] Schmidt | Spectral analysis of jet turbulence[END_REF] have studied the most energetic SPOD modes and their evolution in the streamwise direction in high Re round jets.

While streaks have been extensively studied in wall-bounded flows [START_REF] Kline | The structure of turbulent boundary layers[END_REF], their existence in turbulent round jets has only recently been explored (Nogueira et al. 2019;[START_REF] Pickering | Lift-up, kelvin-helmholtz and orr mechanisms in turbulent jets[END_REF]. Theoretical works such as [START_REF] Jiménez-González | Transient energy growth of optimal streaks in parallel round jets[END_REF]; Marant & Cossu (2018); [START_REF] Wang | The effect of streaks on the instability of jets[END_REF] have found that transient growth analysis of streamwise invariant disturbances yields streamwise vortices as the optimal initial condition and streaks as the optimally amplified disturbances. [START_REF] Jiménez-González | Transient energy growth of optimal streaks in parallel round jets[END_REF] saw that a "shift-up" mechanism is active for the m = 1 perturbations that tends to shift the whole jet radially, while for optimal perturbations with m ≥ 2, the classical "lift-up" mechanism in wall-bounded flows exists. The analysis of Marant & Cossu (2018) showed that streaks can modify the characteristics of KH instability. These two studies have motivated further investigation of streaks in turbulent jets, especially in the direction of devising control strategies to by-pass KH instability that contributes greatly to jet noise (Jordan & Colonius 2013). Citriniti & George (2000); Tinney et al. (2008) observed entrainment and ejection of fluid into and out of the jet core, in their reconstructed velocity field from dominant SPOD modes. However, the resulting structures were not particularly associated with streaks in these works. This ejected fluid was seen to remain in the measurement plane for long time, suggesting their almost steady nature. While it can be expected that the presence of an array of oppositely rotating streamwise vortices can result in strong radial ejections, the fact that the ejected fluid can persist in the outer edge of the shear layer for long times is quite fascinating. It is also interesting to note that unlike in turbulent boundary layers, the discovery of streaks comes rather recently compared to more than half a decade of research on understanding streamwise vortices. Monkewitz & Pfizenmaier (1991) reported intense side-jets rather than streaks-like structures in highly excited jets due to both vortex rings and streamwise vortices. Hence, the existence of streaks in turbulent jets may not be trivial and the presence of vortex rings in such flows sets them apart from their counterparts in turbulent boundary layers.

Comparing with streaks found in turbulent boundary layers, the experiments of Nogueira et al. (2019) showed the relevance of large-scale streaks in jet dynamics. [START_REF] Pickering | Lift-up, kelvin-helmholtz and orr mechanisms in turbulent jets[END_REF] studied different amplification mechanisms such as Kelvin-Helmholtz, lift-up and Orr mechanism that are active in the near field of turbulent jets. Through global resolvent analysis and SPOD, [START_REF] Pickering | Lift-up, kelvin-helmholtz and orr mechanisms in turbulent jets[END_REF] showed that lift-up mechanism is dominant for very low frequencies, St and non-zero m. The optimal forcing structures that result in the observed streaks were in the form of streamwise vortices at St → 0 near the nozzle exit. The question then remains about the origin of these streamwise vortices at St → 0 and the role of streamwise vortices that have been reported earlier to be convecting with the vortex rings (Liepmann & Gharib 1992;Citriniti & George 2000;Kantharaju et al. 2020), in the existence of the observed streaks. In contrast to turbulent boundary layers, the presence of vortex rings along with streamwise vortices could make a difference in the dynamics of streaks in jets, whose exploration is one of the aims of the current work.

In the current study, we seek more insights into the co-existence of streaks with the other structures in turbulent round jets. The novelty lies in placing streaks in the existing picture of the near-field of jets consisting of convecting system of vortex rings and streamwise vortices, and the study of the effect of vortex rings on streaks through axisymmetric excitation. We show that the streamwise vortices occurring at the same frequency as that of the rings, feed to these steady streaks without refuting the possibility of steady streamwise vortices obtained from resolvant analysis of [START_REF] Pickering | Lift-up, kelvin-helmholtz and orr mechanisms in turbulent jets[END_REF]. Indeed, our data shows the presence of steady streamwise vortices for certain cases of excitation.

We begin with a brief note on the experimental database and SPOD formulation in section 2.1. The energy distribution and SPOD modes in an unexcited round jet at Re = 1.5×10

5 are presented in section 3.1. Section 3.4 explores the effect of axisymmetric excitation on the streaks.

Method

Experiments

A round air jet exiting from a nozzle of diameter, D = 15.0 cm, with exit velocity, U j = 15.9 m/s was generated in the open-circuit wind tunnel R4Ch of ONERA Meudon. The resulting Reynolds number was Re = 1.5 × 10 5 . The boundary layer was tripped at 56.0 mm upstream of the nozzle exit with a Carborundum strip which yielded a transitional exiting boundary layer. High-speed stereo particle image velocimetry was performed in a cross-sectional plane at two diameters downstream of the nozzle exit, Z = 2D. The acquisition frequency was 2.5 kHz and the spatial resolution of the vector field was 0.018D.

Acoustic excitation was achieved by means of a loudspeaker mounted on top of the settling chamber, that provided axisymmetric forcing at the nozzle exit. The loudspeaker was driven by a pure sine wave whose amplitude can be varied through the voltage supplied to the loudspeaker. The excitation level was characterized in terms of the rootmean-square of the axial velocity fluctuations at the nozzle exit centerline. Further details about the experiments can be found in Kantharaju et al. (2020).

Spectral proper orthogonal decomposition

Spectral proper orthogonal decomposition (SPOD) was used to extract the most energetic structures in the flow. The SPOD formulation and implementation can be found in Kantharaju et al. (2020), and are only briefed here. The velocity fluctuation field was first Fourier transformed in time and azimuthal direction to obtain ûi (r, m, f ), where i denotes the i th velocity component. It was then decomposed into a basis of eigenfunctions φ

(n) i (r, m, f ) with n = 1, 2, ... as:

r 0 0 B ij (r, r ′ , m, f )φ (n) j (r ′ , m, f )dr ′ = λ (n) (m, f )φ (n) i (r, m, f ) (2.1)
where r 0 is the radial extent of the measurement plane and λ (n) are the eigenvalues. The Hermitian symmetric kernel (B ij ) is the weighted two point cross-spectrum given by,

B ij (r, r ′ , m, f ) = r 1/2 < ûi (r, m, f )û * j (r ′ , m, f ) > r ′ 1/2
, with x * representing the complex conjugate of x. <> denotes the ensemble average over all the data blocks. An algorithm similar to Towne et al. (2018) was implemented to compute the SPOD basis, with 256 blocks of 512 samples each with an overlap of 50 %, yielding a frequency resolution of 4.88 Hz (St ≈ 0.03).

In the following sections, we represent non-dimensional quantities by lower-case (r, θ, z) symbols in the cylindrical coordinate system. Lengths and velocities are presented in nondimensional forms, scaled with the nozzle exit diameter (D) and centerline average jet velocity (U j ), respectively. Non-dimensional time is expressed by t and frequency by Strouhal number, St = F D/U j , with St e denoting the excitation Strouhal number. We denote the components of the mean velocity vector by (u r , u θ , u z ), and the fluctuations by a prime (u

′ r , u ′ θ , u ′ z ).

Results

Signature of the coherent structures in the energy spectra

We begin by looking at the distribution of the total turbulent kinetic energy,

∑ n λ (n) (m, f )/ ∑ n,m,f λ (n) (m, f ), in the cross-sectional plane at z = 2,

as a function of

St and m, and is shown in figure 1. The energy can be seen to be concentrated in two regions, viz. 1) m = 0 around St = 0.5 which is a signature of the vortex rings (Citriniti & George 2000;Kantharaju et al. 2020) and 2) around m = 6, St → 0 that was recently reported to be representing high-speed streaks (Nogueira et al. 2019;[START_REF] Pickering | Lift-up, kelvin-helmholtz and orr mechanisms in turbulent jets[END_REF]). There appears to be some spurious values at m = 0, St = 0.03, the possible source of this will be discussed later.

The above energy distribution can then be viewed at different radial locations which is simply, ∑ i |û i | 2 (r, m, f ), as given in figure 2a. As we move away from the jet centerline, the energy concentration starting around m = 0, St = 0.5 in the core, gradually shifts towards higher m and lower St. In the shear layer, as expected, a wide spectrum of various frequencies and azimuthal modes is evident. This shows the spatial localization of turbulent kinetic energy along the radius in a jet cross-section.

The coherent structures discussed in the introduction have characteristic velocity components. Hence, the contribution from individual velocity components to the total energy could reveal further insights and is included in rest of the figure 2. u ′ z spectra contain most of the energy observed in figure 2a. In the outer edge of the shear layer, the signature of the streaks can be found to occur at very low St → 0, i.e. the streaks are almost steady. They are distributed around m = 6. The in-plane velocity components, on the other hand, have energies around St = 0.5 and a low dimensional nature in terms of m compared to u ′ z , as observed by Tinney et al. (2008).

The spatial structure of the energetic modes using SPOD

Having identified the energetic regions in the spectra, we resort to SPOD to deduce the spatial structure of the corresponding modes. Figure 3 presents the energy spectra of the n = 1 and n = 2 SPOD modes expressed as the fraction of the total energy. These two SPOD modes capture almost 55% and 19% of the total turbulent kinetic energy, respectively. The radial distribution and contribution from individual velocity components follow trends similar to those of the total energy for the n = 1 SPOD mode. Note that from figures 3d and 3b, the spurious energy seen in figure 1 at m = 0 and St → 0, is present in the u θ component, in the outer edge of the shear layer and appears in n = 2 SPOD mode. A deeper investigation needs to be done to identify the possible source of this and the data at this point has been excluded in the analysis presented in the following sections. Although the shapes of both these modes represent a pair of streaks and the associated streamwise vortices, the energy in the individual velocity components indicates that the streamwise vortices associated with St = 0.03 and the streaks at St = 0.49 have very less energy. Thus, based on turbulent kinetic energy, one would consider the streamwise vortices occurring at St = 0.49, which have been observed to convect with the vortex rings in the previous studies (Citriniti & George 2000;Kantharaju et al. 2020) and the streaks at St = 0.03. This determined the difference in the representation of the two modes in figure 4, vectors are not included in figure 6c to highlight only the streaks.

The difference in the frequencies of the streamwise vortices and the streaks, could stem from the following scenario: the high momentum fluid advected outwards by the streamwise vortices gives rise to high-speed streaks. These streaks tend to reside in the outer-edge of the jet owing to low mean velocity and hence have signatures at St → 0. The global resolvant analysis of [START_REF] Pickering | Lift-up, kelvin-helmholtz and orr mechanisms in turbulent jets[END_REF] showed that streaks were formed as a result of forcing from the streamwise vorticity at the nozzle exit. While this is one of the possibilities, the current analysis shows another scenario in which the streamwise vortices convecting with the vortex rings could also contribute to the formation of these streaks, as was also observed in Citriniti & George (2000).

The shape of the n = 2 SPOD mode is shown in figure 5 for the sake of completeness. This mode captures about 19% of the total energy. It consists of two azimuthal arrays of opposite signed streamwise velocity fluctuations along with radially staggered counterrotating streamwise vortices. The energy of the in-plane velocity components is lower compared to that of the streamwise component. The shape of this mode is very similar to the sub-optimal mode reported by Marant & Cossu (2018).

The association of the streaks with the streamwise vortices at a given cross-sectional 

C ω z u z (r, r ′ , θ ′ , t ′ ) = < ω ′ z (r, θ, t)u ′ z (r ′ , θ + θ ′ , t + t ′ ) > θ < ω ′ z 2 (r, θ, t) > 1/2 θ < u ′ z 2 (r ′ , θ, t) > 1/2 θ (3.1)
where <> θ denotes average over both data blocks and θ, as the flow has statistical stationarity and azimuthal homogeneity. This is shown in figure 6 at three radial locations at which ω ′ z is probed, i.e. at r = 0.4, 0.5, 0.68. The probing points are marked as red crosses. Opposite-signed correlation maps can be found on the two sides of the probing point with growing size as we move away from the jet centerline. These correlation maps are similar to the image gained by figure 4; opposite-signed streamwise vortices located between alternate signed u ′ z contours. Note the shift in the alignment of the probing point and the center of the patches as r increases. Also, the lack of left-right symmetry about the probing point could stem from the slight tilting of the streaks in the azimuthal direction as in figure 4. 

Reconstruction of the flow-field with the most energetic modes

With the energetic SPOD modes in the (Stm) space, reduced order dynamics is obtained in this section, to better understand and isolate the large scale structures described above. The velocity vector can be reconstructed from the SPOD modes as:

r 1/2 ûnmf i (r, m, f ) = N n=1 ân (m, f )φ (n) i (r, m, f ), (3.2) 
with the coefficients ân found by projecting the velocity field on to the basis of SPOD modes as: 

(m, f ) = r 1/2 ûi (r, m, f )φ (n) * i (r, m, f )dr. (3.3)
Figure 7 shows the time series of the reconstructed axial velocity fluctuations with n = 10 SPOD modes in the core (figure 7a) and shear layer (figure 7b), along with the original fluctuations, u ′ z . With n = 10 SPOD modes, the time signal is captured entirely and the very small-scale fluctuations are filtered out, in both the regions. Further filtering obtained by considering just n = 1 SPOD mode, which contains almost 55% of the total energy, is included in figures 7c and 7d. The quality of this reconstruction with fewer azimuthal modes, m = 0 to 12, to extract large scale structures can be viewed in the xy-plane through the u ′ z contours, as shown in figure 8. The essential features of the original field are captured by the reconstruction, along with the small scale fluctuations filtered out in terms of spatial dimensions.

The reconstructed field is then visualized to identify certain events or passage of the coherent structures through the measurement plane. Reconstruction was done based on m = 0 to 12, n = 1 SPOD modes. Figure 9 shows the contours of u ′ z along with the in-plane velocity components, as a representation of an event around the passage of a vortex ring. This event is deduced from the time signal of u ′ z in the jet core at r = 0.05 shown at the bottom of the figure, where the highlighted part of the signal contains a local maximum in u ′ z values, indicating the passage of a ring. Localized swirling motions have been identified and marked by a cross (x)), that denote streamwise vortices. From the u ′ z contours, streaks can be identified that increase and decrease in intensities as the ring passes through the plane. However, the streaks tend to remain in the plane for all time instances presented here. The appearance of the streamwise vortices, on the other hand, changes across the snapshots. The presence of streaks does not appear to be linked to that of the streamwise vortices. Similar observations were obtained at other time instances not shown here. Citriniti & George (2000) presented similar contour plots 

Effect of strengthening the vortex rings on the streaks

In this section, we explore the co-existence of streaks and vortex rings. The vortex rings were strengthened through axisymmeteric excitation of the most energetic m = 0 mode in the natural jet, St e = 0.49 (deduced in Kantharaju et al. (2020)). The excitation amplitude was measured in terms of the fluctuation intensities at the nozzle exit, u rms z|z=0 . In Kantharaju et al. (2020), it was estimated that the excitation at this St e = 0.49 results in an increase in the strength of the vortex rings. Coherent streamwise vortices and rings were observed through three dimensional Taylor's reconstruction based on Taylor's hypothesis.

Figure 12 contains the spectra of the individual velocity components at different radial locations for this excited case at u rms z|z=0 = 2.6% forcing. The u ′ z component has energy concentrated in the m = 0 mode around the excited St e in the jet core. This is due to the strong u ′ z induced by the vortex rings. Also at r = 0.51, some energy appears at St ≈ 0.25, a sub-harmonic of the forcing frequency, indicating the possibility of pairing of the vortex rings under these excitation conditions.

In the outer edge of the shear layer, u ′ z is present at St = 0.03, m = [3, 10] as well as at St = 0.49, m = 0. This implies that the fluctuations induced by the m = 0 mode are seen upto r = 0.68, denoting the increasing influence of the rings in the radial direction with the excitation. An interesting observation from these spectra is the persistence of the streaks even with the passage of the coherent rings, that tend to sweep the fluid ejected outwards by the streamwise vortices, through their induced velocities. There is a corresponding increase in the radial component at m = 0 along with higher m for St = 0.49 and its harmonics. Also in the outer edge of the shear layer, energy is seen to be present in the in-plane velocity components for St = 0.03 and around m = 4 as opposed to the observations for the unforced jet. This seems to suggest the presence of streamwise vortices in the outer-edge at St = 0.03 as well, similar to those reported by [START_REF] Pickering | Lift-up, kelvin-helmholtz and orr mechanisms in turbulent jets[END_REF]. Thus, in the excited jet in the current study, there are two & Gharib (1992); Citriniti & George (2000) which convect with the vortex rings, and the other at St = 0.03 which tend to remain steady. One possibility is that these latter streamwise vortices could have perhaps broken from the first set of vortices and tend to reside in the outer-edge, or be formed as a result of forcing from the streamwise vorticity near the nozzle exit as proposed by [START_REF] Pickering | Lift-up, kelvin-helmholtz and orr mechanisms in turbulent jets[END_REF].

The eigenfunctions corresponding to these modes are shown in figure 13 and 14, along with those for the unexcited jet for comparison. At St = 0.03 in figure 13, the u ′ z contours show that the structure of the streaks remains almost the same except that they are located further away from the jet core. This could be because of the increased spreading of the jet with the excitation. On the other hand, at St = 0.49 in figure 14, the azimuthal distortion of the pair of streamwise vortices and streaks is seen to reduce with excitation.

Conclusion

The existence and interplay of coherent structures in turbulent round jets has been explored in this work using high speed stereo particle image velocimetry. The three main structures that are observed to coexist in the near field of jets are the classically visualized An analysis of the spectra of the total kinetic energy along with the individual velocity components, shows signature of three important structures, viz. vortex rings, streamwise vortices and streaks in the near field of round jets. Spectral-proper orthogonal decomposition (SPOD) was performed on the velocity vector in a cross-sectional plane at two diameters downstream of the nozzle exit. The velocity field, reconstructed from the first radial SPOD mode and the first 12 azimuthal modes, shows the periodic passage of the vortex rings and streamwise vortices with the streaks being steady as they tend to reside in the outer-edge of the shear layer.

Next, the effect of axisymmetric excitation on the persistence of streaks was studied. When the jet is excited at the most energetic axisymmetric mode, the streaks are found to move outwards owing to the spreading of the jet. No significant change in the shape of the streaks is observed.

Having characterized the vortical structures in terms of SPOD modes, a reduced order model can be built based on these modes to study the dynamics in the near field. As our analysis here is restricted to only one downstream position, more insights can be gained by looking at other locations.

Introduction

Two important modes are often referred to in a round jet, viz. the so-called shear layer mode and the jet preferred mode. The incoming disturbances in the initial shear layer of a jet undergo linear growth, owing to the Kelvin-Helmholtz instability. Their amplitudes quickly saturate due to non-linearities and the shear layer rolls-up into vortex rings. This roll-up and its associated frequency is referred to as the shear layer mode, in jets with initially laminar boundary layers. This frequency is found to scale with the local momentum thickness, at a value of St θ = 0.012, the Strouhal number based on exit momentum boundary thickness (Zaman & Hussain 1980), in experiments. It is different from that of the most unstable mode predicted by linear stability analysis, occurring at St θ = 0.017 [START_REF] Michalke | On spatially growing disturbances in an inviscid shear layer[END_REF][START_REF] Freymuth | On transition in a separated laminar boundary layer[END_REF], this discrepancy being usually attributed to a feedback mechanism from the downstream evolving structures (Michalke 1984;Hussain 1986b). For jets with laminar boundary layers, the shear layer rolls up into vortex rings at a particular frequency, which depends on the instability characteristics of the velocity profile and the feedback mechanism. In this case, the frequency of the shear layer mode can be directly measured by considering the axial velocity spectrum in the shear layer at the nozzle exit, which would contain a sharp peak at the roll-up frequency, as seen in the works of Petersen & Samet (1988); Sadeghi & Pollard (2012) can then be related to the passage frequency of the rings by further considering possible interactions between the vortices as they convect downstream, like merging of the rings in the presence of sub-harmonics (Zaman & Hussain 1980;Ho & Huang 1982). The variation in the shear layer mode frequency can be linked to the initial conditions, since the incoming disturbances in the boundary layer determine the stability characteristics of the shear layer growth (Michalke 1984;Bogey & Bailly 2010). However, in a tripped boundary layer, disturbances at various frequencies are present. There will be an amplification of all of these frequencies which lie within the unstable range obtained from linear stability analysis of the exit velocity profile of the jet. This results in a jitter in the roll-up frequencies, and thereby in the passage frequency of the vortex rings further downstream. Hence, the question then is whether it is meaningful to refer to a single shear layer mode for an initially turbulent jet, as pointed out in Hussain (1986a). The passage frequency of the rings appears as a broad peak in the axial velocity spectrum along the jet centerline. This spectrum is found to be associated with the most energetic axisymmetric mode (Jung et al. 2004;Kantharaju et al. 2020). Jung et al. (2004) presented the axial evolution of the peak frequency for jets at different Re (their figure 12). They find that it scales with the nozzle exit diameter, D and exit jet velocity, and remains constant at St ≈ 0.5, the Strouhal number based on D, along the jet axis for the highest Re = 1.6 × 10 5 studied. Through the modification of the shear layer by placing passive control rings close to the nozzle exit, Sadeghi & Pollard (2012) observed that the shear layer mode gets suppressed by the placement of the control rings, but the most energetic mode still persists downstream. This effect seems similar to tripping of the boundary layer which renders the shear layer turbulent close to the nozzle exit and results in the evolution of the broad peak in the centerline spectra pertaining to the passage frequency of rings. Now, considering the "jet preferred mode", the term was coined by Crow & Champagne (1971) and refers to the most amplified axisymmetric mode near the end of the potential core, in an externally excited jet. Crow & Champagne (1971) visualized "vortex puffs", a signature of the vortex rings, near the end of the potential core in jets (around z/D ≈ 4) with initially laminar boundary layers for upto Re ≈ 7 × 10 4 , and the corresponding St of the occurrence of the puffs was found to be 0.30. Later on for jets at higher Re and tripped boundary layers, a particular mode also corresponding to an excitation frequency, St e = 0.30 was found that received the maximum amplification through axisymmetric excitation of the jet at z/D = 4. Crow & Champagne (1971) defined it as the jet preferred mode, measured in terms of the jet centerline fluctuation intensity. Visualization of the puffs was found difficult for the tripped boundary layers without excitation. There are two important points to be noted here: firstly, Crow & Champagne (1971) preferred mode based on excited jets and second, the relation of this mode with the passage frequency of the vortex rings was actually extrapolated from initially laminar jets to those with turbulent boundary layers. A discrepancy appears in the latter given the spectrum at the end of the potential core; figure 2 extracted from (Crow & Champagne 1971, pg.582) shows that the most energetic frequency of the vortex rings passing the z/D = 4 plane occurred around a St ≈ 0.44, and not at St = 0.30. Hence, it is probable that the passage frequency of the rings or the most energetic frequency is different from the preferred mode studied by Crow & Champagne (1971). While this fact seems to have been often overlooked in the literature according to us, to be only pointed out very recently in [START_REF] Mair | Jet preferred mode vs shear layer mode[END_REF], becomes very important when axisymmetric excitation is considered for devising control strategies for jets.

The above ambiguity might explain the fact that a large number of works have referred to the most energetic passage frequency of the rings near the end of the potential core, as the preferred mode in unexcited jets such as Gutmark & Ho (1983); Petersen & Samet (1988); Citriniti & George (2000); Jung et al. (2004), to name a few. Gutmark & Ho (1983); [START_REF] Kuo | Effects of excitation around jet preferred mode strouhal number in high-speed jets[END_REF] sought an explanation for the different values of the reported preferred mode in terms of the dependence on the initial conditions pertaining to the jet-facilities. Petersen & Samet (1988) asserted that the preferred mode was in fact the shear layer mode that evolves downstream. However, this is inconclusive to us, as it was done based on the peak in the energy spectra of the natural jet which was excited, and was not determined based on the mode that gets maximally amplified under external excitation. On the other hand, one group [START_REF] Hussain | Controlled perturbation of circular jets[END_REF][START_REF] Lumley | Coherent structures in turbulence[END_REF]Hussain 1986b) stuck to the original definition by Crow & Champagne (1971) and explored further the characteristics of the preferred mode which they also found to occur at St e = 0.30. This definition, which is also followed in the current work, is that the preferred mode frequency is the St whose fluctuation intensities on the jet centerline near the end of the potential core, reach maximum value under external excitation.

Some important characteristics of the preferred mode evident from the studies that have focused on the maximal response of a jet under external excitation, i.e. on the jet preferred mode are:

• The preferred mode is the one that attains maximum amplitude under the balance between linear amplification and non-linear saturation.

• The preference in the higher amplification occurs after a certain high excitation level where non-linearities become important (i.e. in the non-linear regime of the amplification curve) as seen in figure 3a and downstream location as in figure 3b (Crow & Champagne 1971).

• Increasing the excitation level further after the preference occurs, just brings the point of saturation of the fundamental frequency closer to the nozzle exit (Crow & Champagne 1971).

• The frequency of the preferred mode scales with the nozzle exit diameter and exit jet velocity, i.e. the preferred mode involves the entire jet column and so is also referred to as the "jet column mode".

• It is independent of the nature of the boundary layer, being laminar or turbulent [START_REF] Hussain | Controlled perturbation of circular jets[END_REF] • No pairing occurs when the jet is excited at the preferred mode frequency (Hussain & Zaman 1981).

Another recent work [START_REF] Boguslawski | A new insight into understanding the crow and champagne preferred mode: a numerical study[END_REF]) explored the effect of excitation at different frequencies and amplitudes through large eddy simulations for jets at Re = 10 4 and the mechanism governing the selection of the preferred mode. The interesting result is the discovery of jets with very thin shear layers and low turbulence levels, that exhibit mean and fluctuation intensity profiles of the axial velocity similar to jets excited at the preferred mode frequency, St e = 0.30. [START_REF] Durao | Coherent structures in the near field of round jets[END_REF], on the other hand, reported the coexistence of the two modes, around St = 0.30 and St = 0.50, in their experiments on unexcited jets. The jet was seen to develop St = 0.50 right next to the nozzle exit, and St = 0.30 appeared further downstream. [START_REF] Mair | Jet preferred mode vs shear layer mode[END_REF] attempted to determine the relation between the shear layer mode and the preferred mode, and have raised similar questions about the determination of the jet preferred mode from unexcited jets.

In Kantharaju et al. (2020), using spectra proper orthogonal decomposition, SPOD, It was observed that the strength of the rings was higher for excitation at St e = 0.49, the naturally most energetic frequency compared to that at St e = 0.35 at the same input forcing level, even though St e = 0.35 mode achieved higher amplification along the jet centerline. This observation is along the lines of the earlier pointed out discrepancy in the spectrum of Crow & Champagne (1971), i.e. the most amplified mode in an excited jet could be different from the most energetic mode in unexcited jets. The optimal forcing analysis of [START_REF] Garnaud | The preferred mode of incompressible jets: linear frequency response analysis[END_REF] showed that the response structure of the preferred mode, around St = 0.45 is in the form of a vortical wavepacket with maximum amplitude in the potential core when compared to other St. It was seen to be a combination of the local shear layer mode in the potential core region and the jet-column mode further downstream. These observations suggest that the structure of the preferred mode could be different from simply being that of the vortex rings generated when excited at the most energetic frequency and involve the entire jet column as suggested previously. So, the following questions remain unanswered till date:

• What is the spatial structure of the preferred mode? Something other than just the vortex rings, a structure that involves the entire jet? How does this structure differ from modes at other St?

• How does excitation of the preferred mode compare to that of the most energetic mode in the natural jet, in terms of spreading and entrainment? As this preference in the frequency becomes evident only after a certain high enough excitation amplitude, is it worth to excite at the preferred mode?

In this work, a systematic comparison of the excitation of the jet at the preferred mode frequency and the most energetic passage frequency of the rings is made to highlight the differences between the two. The experimental techniques are described in section 2. The unexcited jets are first characterized in section 3 with regards to their exiting boundary layers and axial evolution, and the most energetic mode is determined. In section 4, the exact value of the preferred mode frequency is found in the current jets and the radial structure of the two modes is compared. Then, the optimum frequency of axisymmetric excitation is briefly discussed in section 5.

Method

A round air jet exiting from a nozzle of D = 15.0 cm diameter, with exit velocity U j , as shown in figure 4 Carborundum strip. Most of the results were obtained by hot wire anemometry (HWA). Some high speed stereo particle image velocimetry (HS-SPIV) measurements available in a cross-sectional plane at two diameters downstream of the nozzle, will also be discussed. These measurements were obtained while working on Kantharaju et al. (2020) and provide additional insights into the flow field along with HWA. When the case arises, this will be explicitly specified, so that measurement results stem from HWA unless otherwise stated. The description of the measurement technique and parameters used are the same as those in Kantharaju et al. (2020) and refer the reader there for more details. Boundary layer measurements were made at z = 0.007. The axial profiles could be traversed only upto z = 6 with the traverse system, capturing the entire near-field of the jet including in particular the end of the potential core. Axisymmetric excitation was employed through a loudspeaker mounted on top of the settling chamber such that only plane waves travel till the nozzle exit. This acted to enforce m = 0 mode at the nozzle exit, as was done in various previous excitation studies such as Crow & Champagne (1971); Zaman & Hussain (1980). The loudspeaker was driven by a pure sine wave whose amplitude can be controlled by varying the voltage input. Excitation levels were characterized by fluctuation intensities of the axial velocity at the nozzle exit. Significant amplitudes at the nozzle exit expressed in terms of fluctuation intensity were obtained at f = 52 Hz, which was assumed to be the resonant frequency of the settling chamber. The exit jet velocities were varied in the range [8,35] m/s, in order to obtain different excitation Strouhal number, St e = f D/U j in the range [0.2,0.5], and are summarized in table 1.

Two of these Re, viz. 1.5×10 5 and 2.6×10 5 corresponding to St e = 0.49 and St e = 0.30 respectively, were studied in greater detail in this work. Although the boundary layer was tripped, the lower Re had a transitional boundary layer instead of a fully turbulent one. The spectrum in the exit boundary layer showed that the tripping gives a broad range of frequencies in the shear layer, confirming its role of destroying the interfacial waves traveling from upstream of the nozzle to reach Re independence. In addition to this first observation, care will be taken in what follows, wherever necessary, to make sure the differences in the exiting boundary layers do not play a role in the observed differences in the phenomena at the two St e .

In the following sections, we represent non-dimensional quantities by lower-case (r, θ, z) symbols in the cylindrical coordinate system. Lengths and velocities are presented in nondimensional forms scaled with the nozzle exit diameter (D) and centerline average jet velocity (U j ), respectively. Non-dimensional time is expressed by t and frequency by Strouhal number, St = F D/U j , with St e denoting the excitation Strouhal number. We denote the components of the mean velocity vector by (u r , u θ , u z ), the fluctuations by a prime (u 

Naturally occurring axisymmetric modes

The unexcited jets studied in the current work are first characterized, and the shear layer mode and the most energetic mode in natural jets are discussed in this section.

Characteristics of the evolution in the near-field

The characteristics of the natural, i.e. unexcited jets at Re = 1.5×10

5 and Re = 2.5×10 5 are given below. These two Re are representative of the jets with transitional and fully turbulent boundary layers, respectively, and provide excitation frequencies of St e = 0.49 and St e = 0.30. Figure 5 shows the radial profiles of the axial velocity near the nozzle exit, at z = 0.007, for these two Re. The momentum boundary layer thickness,

Θ = ∞ 0 u z (r)(1 -u z (r))dr (3.1)
and displacement thickness,

δ = ∞ 0 (1 -u z (r))dr (3.2)
were measured for these profiles. R/Θ was 213.7 and 182.2 for the Re = 1.5 × 10 5 and Re = 2.5 × 10 5 , respectively, with δ/Θ of 2.24 and 2.05, which are lower compared to the Blasius value of 2.59. The spectra in the shear layer indicated that the boundary layer was fully turbulent for Re = 2.5 × 10 5 , with peak turbulence intensities of around 10% and a portion of slope -5/3 identifying an inertial regime. For Re = 1.5 × 10 5 , the boundary layer profile is closer to the Blasius profile with peak turbulence intensities of upto 4%. Figure 6 shows the axial evolution of the radial profiles of the mean and rms of the axial velocity for the two jets at z = 1, 3, 4 locations. Although there is a difference in the nature of the exiting boundary layer, it is seen that the evolution of the two jets in terms of the first order statistics is independent of the initial conditions. The momentum boundary layer thicknesses calculated from the mean profiles at different axial locations were found to be similar. Thus, we can compare the excitation studies at these two Re.

On the shear layer mode and passage frequency of the rings

Figure 7a shows the power spectral density, PSD for Re = 1.5 × 10 5 at the center of the shear layer, r = 0.5, near the nozzle exit, z = 0.007 and at further downstream locations at z = 1 to 4. Also included is the spectrum at the center of the nozzle exit, which contains almost no dominant frequencies, except for some sharp peaks around 50 Hz and 400 Hz. This peak at 50 Hz was observed to occur for all Re and is attributed to electrical noise rather than to flow physics, due to its sharpness. The spectrum near the nozzle exit at r = 0.5 shows a bump around 161 Hz, that corresponds to a frequency based on the momentum boundary layer thickness of St Θ ≈ 0.011. This value is close to the value St Θ = 0.012 reported by Zaman & Hussain (1980) for the shear layer mode in 5 has a transitional boundary layer, the trace presence of a shear layer mode is quite revealing, as it is not visible in the fully turbulent jet at Re = 2.5 × 10 5 . The spectra become fully turbulent after z = 1 reaching a slope of -5/3.

Next, the evolution of the spectra for Re = 1.5 × 10 5 along the jet centerline is shown in figure 7b. It can be seen that the sharp peak at 50 Hz appears in all the spectra. The spectra evolve to develop a broad peak centered around St ≈ 0.49 at z = 2 and at a slightly lower St ≈ 0.46 by z = 5. After this, they become fully turbulent by z = 6, denoting the end of the potential core. This broad peak scales with D and U j , which is evident in figure 8, which presents axial velocity spectra for a range of U j near the end of the potential core, z = 4. It is quite interesting to note that this value of St ≈ 0.46 is close to that present in the spectrum of the jet studied by Crow & Champagne (1971) at the same axial location (St = 0.44, as seen in figure 2). Also, this value is independent of the velocity profile at the nozzle exit, as was observed for Re = 1.5 × 10 5 and Re = 2.5 × 10 5 (figure 5) and for all the Re studied in the current work. This collapse of spectra for non-dimensional frequency St was also found by [START_REF] Drubka | Instabilities in near field of turbulent jets and their dependence on initial conditions and reynolds number[END_REF]; Jung et al. (2004) for a range of Re.

It can be shown from an azimuthal decomposition of the axial velocity at the jet center that the broad peak seen in figure 8 comes from the axisymmetric mode, m = 0, as reported in Jung et al. (2004). Figure 9 shows such a decomposition at z = 2, in the jet core at r = 0.24, obtained from HS-SPIV measurements. There is a significant contribution from m = 0 and much weaker from m = 1. In other words, the most energetic m = 0 mode has a frequency in the range of St = 0.46 to 0.49 in the current jets. This St can be also seen as the passage frequency of the most energetic vortex rings through the cross-sectional plane and scales with U j and D. The m = 0 mode in a round jet takes the shape of a perfectly axisymmetric vortex ring.

Hence, for jets with tripped boundary layers, the notion of a shear layer mode is not the same as relating to a characteristic roll-up frequency, as that for initially laminar jets. It would rather correspond to a range of frequencies at which the shear layer rolls up. In the following sections, a comparison is made between a mode with St = 0.49, which lies in the range of frequencies of the most energetic m = 0 mode in a natural jet and the preferred mode; the main goal of the current work. 

The jet preferred mode

In this section, the excited jets are studied. The focus is on finding the preferred mode frequency and understanding the differences in its evolution in comparison to the most energetic mode. The unforced case of Re = 1.5 × 10 5 is referred to, unless mentioned otherwise, for comparison to note the effect of excitation.

Finding the preferred mode

As discussed in the introduction, the preferred mode is the one which achieves maximum fluctuation intensity along the jet centerline under external excitation (Crow & Champagne 1971). It can be a quite tedious process to find the precise value of the preferred mode owing to its dependence on the axial location and excitation level. Hence, it is imperative to first determine the location of the maximum amplification along the jet centerline. Three representative St e are shown in figure 10, 0.30, 0.35 and 0.49, at an excitation level of ≈ 2.5%. Shown are the mean and fluctuating intensity of the axial velocity component along the jet centerline, with and without excitation. The end of the potential core is seen to occur at z ≈ 5, the point where the mean velocity starts to decay. However, the maximum amplification of the velocity rms occurs around z ≈ 4 for St e = 0.30, and all other St e are found to have lower amplifications. Hence, z = 4 was chosen as the axial location to observe the amplification of different St e at varying excitation amplitude, the same as chosen by (Crow & Champagne 1971). Note that St e = 0.35 has a slightly higher excitation level in this plot, ≈ 3%, for which the data was recorded and it was seen that the rms levels of St e = 0.35 remained lower than those for St e = 0.30 for all excitation levels.

Before moving on, it is worthwhile to comment more on the nature of these curves, which are very similar to those found in Crow & Champagne (1971). From the mean profiles, it can be seen that the potential core ends further upstream with excitation, for all St e . St e = 0.49 has a shorter potential core than that of St e = 0.30 and St e = 0.35. Also, the mean velocity for St e = 0.30 is seen to decrease monotonically in contrast to St e = 0.49. The intensity profiles, on the other hand, offer a richer insight into the physics. The unexcited jet has three parts, an initial constant value upto z ≈ 1, then steady increase until z ≈ 5 and a even faster rise beyond. From the profiles of Crow & Champagne (1971) (figure 3b), it can be expected that farther downstream, the rms values would reach a maximum after which they would start to decay. The excited jets have different profiles depending on the St e . The fluctuation intensities for St e = 0.30 reach the maximum amplification around z ≈ 4 and seem to again increase beyond z ≈ 6. The intensity profile of St e = 0.49 reaches a first maximum at z = 2, then drops and again increases, reaching a second maximum with values comparable to the unexcited jet and to the St e = 0.30 excited case. The profile of St e = 0.35 shows similar behavior as that of St e = 0.49, with a difference in the rms values at the first maximum. The first drop in the rms values for z >= 2 for St e = 0.49 was seen to be associated with the appearance of a subharmonic, which will be discussed in the section 4.2.

Next, amplification of different frequencies at z = 4 was measured as a function of excitation levels and is shown in figure 11. A good way to characterize the amplitude of forcing was to measure it in terms of the fluctuation intensities at the nozzle exit, instead of measuring e.g. the voltage applied to the loudspeaker, as the latter depends on U j . Hence, the amplification is expressed as the intensity values reached at z = 4 for a given forcing level at z = 0, a kind of input-ouput analysis of a non-linear system, as Crow & Champagne (1971) put it. A detailed scan of the (St e ,u rms z | z=0 ) space was done to determine the precise value of the preferred mode frequency. The dependence of the most amplified St e on the excitation amplitude is clear from these plots, thereby highlighting the non-linear nature of the selection of the preferred mode. Here it is seen to occur for excitation amplitudes greater than 1%. At low forcing levels, an almost linear increase in the intensity values is observed, whose slope depends on St e . For St e <= 0.25, the slope is lower compared to the others. At higher excitation amplitudes, the amplification rate starts to decrease, reaching a saturation at even higher excitation amplitudes, owing to non-linear effects. This behavior is similar to the classical stress-strain curves in solid mechanics, as pointed out in Crow & Champagne (1971). The intensity profile of St e = 0.49 is seen to saturate rather very quickly for excitation levels greater than just 1%. For the St e near 0.30, an abrupt increase in the rms values is seen at the highest tested forcing amplitude. This amplitude corresponded to the highest voltage that could be applied to the loudspeaker with its safe operation. To summarize, the preferred mode in the current jet is also found to occur at St e = 0.30, as in Crow & Champagne (1971); [START_REF] Hussain | Controlled perturbation of circular jets[END_REF]. The St e = 0.49 gets saturated quickly to around u rms z ≈ 0.09 after an excitation level of 1%.

Evolution of the radial structure of the two modes in the axial direction

In this section, the jet is excited at the preferred mode frequency, St e = 0.30 and at St e = 0.49 which lies in the range of frequencies of the most energetic m = 0 mode, as discussed in section 3.2. The excitation amplitude was fixed at u rms z | z=0 = 2.6%, an amplitude in the non-linear regime in the jet response, where the sensitivity of the rms values at z = 4 to the input forcing amplitude is not much (see figure 11). The radial structure of the corresponding modes are studied using HWA at several downstream locations below.

The effect of excitation on the exiting boundary layer profiles is shown in figure 12. Recall from section 3.1, that the boundary layers are transitional and fully turbulent for the unforced cases at Re = 1.5 × 10 values increase in the jet core for both the St e . In the shear layer, the rms values tend to almost double for the St e = 0.49 case, while remain the same for St e = 0.30.

The axial velocity profiles further downstream at z = 1 to 4 are shown in figures 13 and 14, comparing the effect of excitation on the jet and the value of St e . The profiles for the unforced case of only Re = 2.5 × 10 5 are included for comparison. Excitation at both St e in general slightly changes the mean profiles, whereas significantly raises the rms values in the jet core. The mean profiles do not greatly differ with respect to St e ; the jet excited at St e = 0.49 simply shows higher spreading upto z = 3. The rms profiles for the two excited cases are different at z = 1 in terms of the spreading of the rms values. However, after this location, the profiles look similar in the shear layer and differ only in the jet core in accordance with the axial profiles of figure 10. It is interesting to note that in the jet core, we start off with higher rms values for St e = 0.49 than for St e = 0.30 at z = 1, then equaling at z = 2 and further downstream St e = 0.30, the preferred mode, takes on higher values. This again was seen in figure 10, which showed the axial dependence of the preferred mode frequency.

Next, the effect of excitation frequency on the spectra is studied to understand the above behavior of the rms values. Figure 15 shows the spectra for excitation at St e = 0.49 and St e = 0.30 along with their unexcited counterparts at z = 2 centerline. It is quite interesting to note that the St e = 0.30 develops more harmonics than the St e = 0.49, with the fundamental frequencies containing the same energy in both the cases. Note that the rms value at this location is the same for both, implying that the contribution from the higher harmonics is not much. Also, in the spectrum of St e = 0.49, a peak starts to appear at the sub-harmonic frequency of St e ≈ 0.25, suggesting the possibility of pairing in this excited case. This peak is seen from z = 2 onwards, which might be associated with the drop in the turbulence intensities at this axial location seen in figure 10. As mentioned in the introduction, one of the characteristic features of the preferred mode is that no pairing occurs at this St e (Hussain & Zaman 1981). This can be confirmed from the current study as well, as no subharmonic is present in the spectra of St e = 0.30.

From an analysis of the spectra at z = 4 in figure 16, similar behavior is found except that the energy in all the frequencies increases in both cases, with dominant energy at the forcing frequency. Note that for St e = 0.30, the broad peak around St ≈ 0.46 in the natural jet is suppressed at z = 4 as compared to that at z = 2. The dependence of the preferred mode frequency with axial location was discussed earlier and here we find a way in which this could be happening. Closer to the nozzle exit, the most energetic mode receives some amplification even when the preferred mode is excited. However, eventually further downstream, the preferred mode dominates and the rms values increase in the jet core as seen in figure 14. the other hand, rises more slowly and needs higher excitation levels to reach comparable amplification levels. This behavior is in accord with the observations of the preferred mode and other values of St e in figure 11, corresponding to measurements at z = 4. Note that although St e = 0.30 was found to be the preferred mode, at the measurement plane studied using HS-SPIV, z = 2, the St e = 0.30 mode happens in fact to have the same amplification as that of St e = 0.49 for 2.5% forcing, as seen in figure 10. However, St e = 0.35 has higher amplification than St e = 0.49 at z = 2, offering a good comparison between modes in the neighborhood of the jet preferred mode and the most energetic mode, at z = 2.

Figure 18 shows the u rms z distribution in the unexcited jet along the radial direction at z = 2 on the left, and the contribution from individual St present in its spectrum on the right. Excitation at low to moderate amplitudes of a particular St is expected to bring out its corresponding structure in the natural jet. The shape of St = 0.49 mode is representative of that of a vortex ring; the fluctuation intensities peak close to the ring core located around r ≈ 0.5 and are higher at the center of the ring than radially outwards away from the ring core. The mode with St = 0.35, on the other hand, is more symmetrical about r = 0.4, whereas St = 0.22 mode has lower amplitudes and is mostly present in the shear layer. The structure of the preferred mode with frequency St = 0.30, was similar to that of St = 0.35, and is not included here as the current section focuses on the latter. The rms values in the jet core follow the same trend as noticed in the spectrum of figure 17a for the individual St. Petersen & Samet (1988) presented the phase-locked measurements of the radial profiles of the jet excited at the frequency of the most energetic mode in their study, which occurred at St = 0.40. Those profiles showed similar ring-like structure as seen for St = 0.49 in the current work. This already hints that the structure of the preferred mode is different from that of the most energetic mode.

First, we look at the evolution of these radial profiles at z = 2, as each of these frequencies are excited with increasing excitation levels, in figure 19. The St e = 0.49 mode achieves a ring-like profile with a moderate amount of forcing of 2.6%. The St e = 0.35 mode has a peculiar shape for forcing at 2.6%; it has a uniform high value throughout the core, extending upto the center of the shear layer. It reaches the ring-like structure at very high excitation levels of 4%. This shows that the structure of the mode closer to the jet preferred mode displays different intensity profiles, depending on the excitation level, contrary to the mode corresponding to the excitation at the passage frequency of the rings, i.e. St e = 0.49. St e = 0.22 shows little difference from the unforced case as it had less energy in the natural jet (see figure 17a), with little increase in the values mostly in the jet core.

A comparison of these modes at the same level of forcing, 2.6% is shown in figure 20 for the three components of velocity. It is interesting to note from u rms z that the rms levels not only increase in the jet core but the radial structure of the mode also changes as a profiles at this St e . Petersen & Samet (1988) related the preferred mode frequency to the passage frequency of the rings based on unexcited jets. However, the current HS-SPIV measurements suggest that the two modes have different spatial structure. It is known that HWA cannot capture flow reversal, which can be the reason why the ring-like structure obtained in the current study with HS-SPIV, has not been observed in previous excitation studies that report the radial profiles of the excited modes (Crow & Champagne 1971;[START_REF] Hussain | Controlled perturbation of circular jets[END_REF]. Even in the present study, figure 19 showed that St e = 0.49 mode attains a ring-like profile for 2.6% forcing at z = 2 and this does not appear in figure 14 measured with HWA, presumably due to the limitation of HWA in capturing flow-reversal. From the z = 2 profiles of HS-SPIV measurements, we can expect that the shape of the profile does evolve in the shear layer approaching ring-like shape above a threshold excitation level depending on the St e .

A look at the two-dimensional distribution of u ′ z could shed more light into the differences observed above in the rms profiles for the two St e . Figure 21 shows a part 21 and such that significant difference in the structure of the flow was observed. For the St e = 0.49, as the ring-like structure passes the plane, there is intense shear layer activity as seen in the middle two contour plots. The u ′ z values start to decrease after the passage of the ring. However, for the St e = 0.35, after the appearance of the ring-like structure at t = 62.6, u ′ z values tend to increase in the jet core along with those in the shear layer, seen at t = 62.8. This event seems to be responsible for the higher u ′ z values in the jet core for the St e = 0.35 compared to St e = 0.49. It appears to corroborate the earlier statements in the literature about the preferred mode affecting the entire jet column in the literature. Hence, it is also referred to as the jet column mode (Crow & Champagne 1971), as opposed to the shear layer mode.

We expect that the study of St e = 0.35 using HS-SPIV can be extrapolated to the radial structure of the preferred mode, St e = 0.30, as both these modes show similar behavior in terms of amplification as compared to that of St = 0.49.

Optimum frequency of the axisymmetric excitation to control the near field of round jets

In the previous sections, a difference in the spatial structure of the two modes, the jet preferred mode and the naturally occurring most energetic mode was presented. Now, we attempt to answer the question as to why this distinction is necessary and what important role the frequency of excitation may play in the context of active control of round jets. Axisymmetric excitation can be used to enforce the strength of the vortex rings in applications where coherent rings are desirable. In other situations where rings need to be destroyed for reducing their contribution to jet noise for instance, a suitable frequency of excitation could be chosen. If there is a mechanical component that acts as noise at a certain frequency upstream of the nozzle, such that it presents strong m = 0 forcing at the nozzle exit, such an analysis would be beneficial to realize its impact on the jet evolution and its spreading.

Several studies have investigated the effect of excitation on the entrainment and jet spreading. An increase in these quantities were reported with excitation at the preferred mode (Crow & Champagne 1971;Zaman & Hussain 1980) or the most energetic mode (Petersen & Samet 1988). However, a comparison between the two modes is lacking. On the other hand, significant suppression of turbulence rates was observed at certain other frequencies (Zaman & Hussain 1981). Moore (1977) discussed the role of different frequencies of the shear layer instability in augmenting jet noise even at very low amplitudes.

From the mean profiles presented in the previous section, we next deduce the effect of exciting the two modes under study, on the spreading and entrainment in the near-field, at 2.6% forcing. Spreading can be quantified by the axial evolution of Θ with respect to the unexcited jet and is shown in figure 23a. Also included are the values from Petersen & Samet (1988) corresponding to their excited case at St e = 0.44, the most energetic frequency in their jet. Excitation at St e = 0.49 is found to significantly increase spreading compared to St e = 0.30. Good agreement is found with the values of (Petersen & Samet 1988), for excitation at the most energetic mode. It can be seen that excitation increases the spreading in both cases but is significantly higher for St e = 0.49 than that for the preferred mode right from the nozzle exit. Next, entrainment can be found as the derivative of the volume flux, Q(z) with respect to axial distance, as defined in Crow & Champagne (1971). Volume flux is given by:

Q(z) = ∞ 0 u z (r)2πrdr
(5.1) (Crow & Champagne 1971). The excitation at St e = 0.49 is found to provide higher volume flux in the current study, although the entrainment rate is difficult to be deduced from these curves with limited data points in r.

The current study suggests that exciting the naturally occurring energetic m = 0 mode gives better spreading rates than the preferred mode. Also, Kantharaju et al. (2020) estimated the strength of vortex rings in turbulent round jets, by considering the first SPOD mode. They found that excitation of the most energetic mode provided an optimum way to strengthen the rings. This result coupled with the current data on the spreading and entrainment, suggest that strengthening the vortex rings increases the spreading rate in the near field. This could be due to the fact that the vortex rings tend to mix the ambient fluid with the jet core through their induced velocities; Citriniti & George (2000) found ejection of core-fluid outwards by the rings.

Conclusion

In the present work, a detailed comparison is made between the two most important axisymmetric modes in round jets, the jet preferred mode and the most energetic mode using hot wire anemometry and high-speed stereo particle image velocimetry. The radial structure of the two modes are excited, are studied at different axial locations in the near-field and an effect on the jet spreading and entrainment is reported.

The jet preferred mode in the current study was found to occur at St e = 0.30 in agreement with previous studies (Crow & Champagne 1971;[START_REF] Hussain | Controlled perturbation of circular jets[END_REF]. The non-linear selection of the preferred mode has been highlighted that depends on the excitation amplitude and the downstream location. The most energetic axisymmetric mode occurs in the range St = [0.46, 0.49], independent of the nature of the boundary layer being transitional or fully turbulent and for Re = 0.7 × 10 5 to 3.4 × 10 5 .

The results suggest that the two modes have different radial structures and characteristics in terms of turbulence intensities in the jet core and amplification along the jet centerline. HS-SPIV measurements in a cross-sectional plane at two diameters shed light shed on the structure of the two modes. It is seen that the preferred mode excitation results in the augmentation of turbulence intensities both in the shear layer as well as the jet core. On the other hand, the most energetic mode is in the form of vortex rings, which induce higher fluctuations in the shear layer close to the ring core. Hence, the structures of the preferred mode in excited jets and the most energetic mode in unexcited jets are different and the value of the preferred mode frequency cannot be found just based on unexcited jets.

The HS-SPIV measurements presented in this work were limited to just one downstream plane and we expect it would motivate further investigation into the study of the structure of the preferred mode at other downstream locations. It would also be interesting to see the effect of excitation of these two modes on the jet noise spectrum.

rings and streamwise vortices. The streaks were found to persist even when the vortex rings were strengthened through excitation.

Finally, the excitation study in Chapter 3 also stimulated a deeper investigation into the significance of the Strouhal number for axisymmetric excitation in jets and was discussed in Chapter 6. More light was shed on the long discussed discrepancies in the jet preferred mode (Crow and Champagne, 1971) in excited jets and the most energetic axisymmetric mode in unexcited jets, see for instance Jung et al. (2004). The radial structure of these two modes was shown to be different and higher spreading rates were obtained with excitation of the most energetic mode than the jet preferred mode. A discussion was included questioning the interchangeable usage of the two terms in the literature, given these differences.

In conclusion, the results presented in this thesis support the picture of viewing coherent structures as the building blocks of the near field of high 𝑅𝑒 round jets, even in those with tripped boundary layers and highlight the important role played by mean shear on the existence and interaction of these structures.

Perspectives and future work

The coherent structures approach extends beyond just contributing to our fundamental understanding of high 𝑅𝑒 jets (in this thesis, the approach was used for the latter purpose). Especially in the context of applying control strategies, it offers ways to modify the flow characteristics by acting on the dynamics of the structures. One example of this can be found in the active research on non-circular and chevron jets, where the vortical structures in the near field of jets are modified passively, to potentially improve spreading rates and reduce jet noise [START_REF] Grinstein | Streamwise and spanwise vortex interaction in an axisymmetric jet. a computational and experimental study[END_REF][START_REF] Alkislar | The effect of streamwise vortices on the aeroacoustics of a mach 0.9 jet[END_REF]. The results presented in Chapters 3 and 5 of this thesis endorse the presence of such structures in round jets with tripped boundary layers and are expected to contribute in this direction of jet control.

The direct numerical simulations (DNS) of Chapter 4, on the other hand, isolated these structures (starting with vortex rings presented in this thesis) and underscored the importance of external shear in their evolution and eventual break down. A recent work [START_REF] Mckeown | Turbulence generation through an iterative cascade of the elliptical instability[END_REF] studied the interactions between two counter-rotating vortex rings and showed how a non-linear development of the elliptical instability can result in the formation of a cascade of secondary structures, which can eventually lead to turbulence generation. The current DNS study could potentially lead to interesting results along similar lines to explain how turbulent jets transition into fully developed turbulence downstream of the potential core.

Most of the conclusions presented in Chapters 3 and 5 have been drawn based on the measurements at one axial location, i.e. two diameters downstream of the nozzle. Though this location captures the initial development stages of the coherent structures, it would be both important and interesting to obtain insights at other locations to complete the picture of the near field of high 𝑅𝑒 jets. Tomographic PIV of even a small volume in the shear layer of a jet could reveal the three-dimensional structure Abstract : This thesis aims at gaining fundamental understanding of the large scale structures in the near field of turbulent round jets. First, a specific interaction between vortex rings and streamwise vortices within the shear layer is explored. The result of this interaction is hypothesized to manifest itself in a radial organization of streamwise vortices, as opposed to the azimuthal one reported in the literature. High-speed stereo PIV is performed in a crosssectional plane, two diameters downstream of the nozzle exit. The strength of the vortex rings is varied through axisymmetric (azimuthal wavenumber m=0) excitation and the resulting organization of streamwise vortices is monitored. It is found that as the relative strength between the rings and streamwise vortices increases, the organization of the latter vortices gradually shifts towards azimuthal array, thus corroborating the above mentioned hypothesis. The results confirm the influence of streamwise vortices on the weaker vortex rings formed in round jets at high Rey-nolds numbers. As a second part, the HS-SPIV data is further analyzed to characterize streaks in turbulent round jets, and their co-existence with vortex rings and streamwise vortices is explored. The results indicate that streaks are found in the outer edge of the shear layer where they remain almost steady, while the convecting system of vortex rings and streamwise vortices feed them by ejecting fluid outwards from the jet core. At last, different m=0 modes in the near field of round jets are studied, to highlight the differences between the so-called "jet preferred mode" and the most-energetic mode (corresponding to the passage frequency of rings). Hot-wire anemometry measurements at different axial locations and the HS-SPIV data at two diameters indicate that the two modes have different radial structures. It is also found that exciting the jet at its most energetic mode could provide higher spreading rates than the jet preferred mode for the same input forcing level.
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  Fig. 1.1 Applications involving jet flows: a) engine exhaust (the vibrant flame is due to afterburners) (D., 2017 (accessed December 8, 2020) b) flow in a combustion chamber[START_REF] Davoust | Dynamics of large scale structures in turbulent jets with or without the effects of swirl[END_REF].

  Fig. 1.3 Definition of the round jet studied in the current work.

  Fig. 1.4 Visualization of jets with initially a) laminar b) tripped boundary layers at 𝑅𝑒 = 2.2 × 10 5 , obtained through Schlieren imaging. Photos taken from Davoust (2011).

  Fig. 1.5 Effect of axisymmetric excitation on the vortex rings in a turbulent jet at 𝑅𝑒 = 13, 000 (Van Dyke, 1982).

2.

  Fig. 1.7 A simplified schematic expressing our current understanding of the evolution of round jets in the near field. Some of the aims of this thesis have been marked in bold.

Fig. 2

 2 Fig. 2.1 Schematic of the wind tunnel R4Ch used in the current study (adapted from Davoust (2011)).

Fig. 2 . 2

 22 Fig. 2.2 Photo of the wind tunnel and HWA setup with the different components labelled.

Fig. 2 . 3

 23 Fig. 2.3 Schematic of the venturimeter used to measure the flowrate in the wind tunnel[START_REF] Davoust | Dynamics of large scale structures in turbulent jets with or without the effects of swirl[END_REF].

  Fig. 2.4 Calibration curve (a linear fit) to obtain exit jet velocity 𝑈 𝑗 from the mass flowrate 𝑚 measured by the venturimeter.

Fig. 2 . 5

 25 Fig. 2.5 Working principle of hot wire anemometry (HWA)[START_REF] Jørgensen | How to measure turbulence with hot-wire anemometers -a practical guide[END_REF].

  Fig. 2.7 Fourth order polynomial fit for HWA calibration: voltage (E) measured by the HWA probe vs the exit jet velocity (Uj) measured by Pitot tube.

Fig. 2 .

 2 Fig. 2.10 Photo of the setup depicting the various components of the HS-SPIV system.

Fig. 2 .

 2 Fig. 2.11 Photo of the HS-SPIV setup with the laser switched on to highlight the plane of measurement.Note that in this photo, the flow was seeded with more particles for a visualization of the plane.

Fig. 2 .

 2 Fig. 2.12 Photo showing the alignment procedure of the laser sheet with the calibration plate.

  Fig. 2.13 a) Amplification curves to calibrate the input voltage to the loudspeaker in terms of the fluctuation intensity obtained at the nozzle exit centerline b) schematic denoting the pressure and velocity at the stations near the settling chamber and the nozzle exit, respectively.

Figure 1 :

 1 Figure 1: Schematic from Davoust et al. (2012) showing the simplified structure of the near field of round jets in terms of vortex rings (azimuthal vorticity fluctuations ω ′ θ ) and streamwise vortices (streamwise vorticity fluctuations ω ′ z ): (a) as classically described in the literature (b) as found in the investigations of Davoust et al. (2012) and in the current configuration. The solid line represents the axial velocity fluctuations u ′ z along the centerline of the jet.

Figure 2 :

 2 Figure 2: Proposed scenario in Davoust et al. (2012) that considers an interaction between the fluctuations of azimuthal and streamwise vorticity in a turbulent round jet at Re = 2.1 × 10 5 : (a) Observed preferential location of a streamwise vortex with respect to an axisymmetric mode. (b) Deformation of the negative azimuthal vorticity fluctuation by the streamwise vortex. (c) Reorientation of the deformed part by mean shear.

Figure 3

 3 Figure 3: a) Notations for the round jet studied (b) HS-SPIV setup: the measurement plane is at Z = 2D, capturing the entire jet.

PSDFigure 4 :

 4 Figure 4: Power Spectral Density (PSD) of the non-dimensional axial velocity fluctuations (u ′ z /U j ) measured on the jet axis at Z = 2D, as a function of St = f D/U j for the exit jet velocities U j = 15.8 m/s (dashed line -), 22.2 m/s (dashed-dotted line . ) and 28.0 m/s (dotted line ...).

Figure 5 :

 5 Figure 5: Axial velocity profiles of the unexcited jet at Re = 1.5 × 10 5 near the nozzle exit (z = 0.003) obtained using HWA: mean velocity in solid line (-•-) and root mean square (r.m.s) in dashed line (-×-).

Figure 6 :

 6 Figure 6: Comparison between HS-SPIV and HWA measurements for the unexcited jet at Re = 1.5 × 10 5 at z = 2. (a) Power Spectral Density (PSD) of the axial velocity in the jet core (r = 0.24) and shear layer (r = 0.51): solid black line (-) denotes HS-SPIV and dotted blue line (...) HWA measurments. (b) Radial profiles of mean and rms of the axial velocity: solid black line (-) denotes HS-SPIV and dashed blue lines with symbols HWA with (--• --) for u z | z=2 and (--× --) for u rms z | z=2 .

Figure 7 :Figure 8 :

 78 Figure 7: Azimuthal spectra of the axial velocity corresponding to full spectra Sm z (r, m) (•) and to the 1st POD mode only, Sm(1) z (m) (×), (a) in the core r = 0.24 and (b) shear layer r = 0.51.

4.

  Effect of axisymmetric excitation at the most energetic natural frequency, St e = 0.49

Figure 9 :

 9 Figure 9: The response of the jet expressed as fluctuation intensities on the jet axis at z = 2 (u rms z | z=2,r=0 ), as a function of the excitation amplitude at the nozzle exit

Figure 10 :

 10 Figure 10: The effect of excitation on the exit boundary layer (z = 0.003) in terms of axial velocity measured by HWA: (a) mean, (b) fluctuation intensities; where, solid line in black (-) represents the unexcited jet, dotted line in red (...) excitation at u rms z

Figure 11 :

 11 Figure 11: Radial profiles of fluctuation intensities at z = 2 of (a) axial (b) radial (c) azimuthal velocity (d) streamwise vorticity, where solid line in black (-) represents the unexcited jet, dotted line in red (...) excitation at u rms z

Figure 12 :Figure 13 :

 1213 Figure 12: Phase averaged (a) ω ′ z and (b) ω ′ θ for two periods, reconstructed using Taylor's hypothesis from HS-SPIV measurements at z = 2, for the most excited case at 4.8 %. Extraction in the longitudinal plane. See section 4.2 for more details on Taylor's reconstruction.

Figure 14 :

 14 Figure 14: Azimuthal spectra of the streamwise vorticity (ω ′ z ) for the (a) unexcited jet and (b) excited jet at 4.8 %.

Figure 15 :

 15 Figure 15: Taylor's reconstruction of vorticity fluctuations in the axial direction (z c = -u c t) for (a) the natural jet (b) the excited jet at u rms z | z=0 = 4.8%. The orange color

Figure 16 :

 16 Figure 16: A typical organization of streamwise vorticity in the cross sectional plane at z = 2, evidenced through iso-contours of C ω z ω z (r, r ′ , θ ′ , t ′ = 0) at three radial locations in the jet. On the top, (ai) is a schematic depicting the correlation process. Columns (b-d) correspond to the natural (i) and excited (ii) cases, exhibiting radial and azimuthal organizations, respectively. Excitation is performed at St e = 0.49, u rms z | z=0 = 2.6%. Solid lines (-) represent positive correlation while dashed lines (---) represent negative correlation.

Figure 17 :

 17 Figure 17: Similar organization of streamwise vorticity as in figure 16 but in a longitudinal plane reconstructed using Taylor's hypothesis: (ai) schematic depicting the correlation process, columns (b-d) iso-contours of C ω z ω z (r, r ′ , θ ′ = 0, t ′ ) at the indicated radial locations. Columns correspond to the natural (i) and excited (ii) cases, exhibiting radial and azimuthal organizations, respectively.

  Figure18: A typical transitional organization of streamwise vorticity: Iso-contours of (a)C ω z ω z (r, r ′ , θ ′ , t ′ = 0) in the cross sectional plane at z = 2 (b) of C ω z ω z (r, r ′ , θ ′ = 0, t ′ ) in

Figure 19 :

 19 Figure 19: Streamwise vorticity organization for u rms z | z=0 = 4.8%: (ai) The phaseaveraged streamwise vorticity field of figure 12 showing the radial locations r = 0.58 and r = 0.38 at which iso-contours of C ω z ω z (r, r ′ , θ ′ , t ′ = 0) are plotted in (bi) and (bii), respectively. Iso-contours of conditionally averaged correlation are shown in (ci), (cii) in the braid and (di), (dii) in the braid region at r = 0.58 and r = 0.38, respectively.

  Variation of the estimated relative vortical strengths as a function of excitation, together with the corresponding streamwise vorticity organization observed for the Re = 1.5 × 10 5 jet. their tendency to be deformed and tilted by streamwise vortices and mean shear, thus corroborating the plausibility of the scenario introduced by Davoust et al. (2012).

Figure 20 :

 20 Figure 20: Response of the jet in terms of fluctuation intensities at z = 2 (u rms z | z=2 ) for excitation at different St e and increasing amplitudes of excitation at the nozzle exit (u rms z | z=0 ); St e = 0.22 represented by '×', St e = 0.35 by '+' and St e = 0.49 by '•'.

Figure 21 :

 21 Figure 21: Graphical representation summarizing the different parameters studied in this work. The relative strengths of the vortical structures are plotted for varying amplitudes of excitation; blue filled circle (•) show St e = 0.49, orange cross (×) show St e = 0.35, green plus (+) show St e = 0.22 and red star (*) shows Re = 0.92 × 105 . The red patch highlights the radial organization, the blue patch the transitional and the green patch the azimuthal organization.

Figure 22 :

 22 Figure 22: Example computation of convection velocity for the Re = 1.5 × 10 5 unexcited jet : a) Contours of correlation coefficient ρ (real part) as a function of radius and frequency. b) Radial variation of u c and ρ for f = 0.49.

  Fig. 4.1 Schematic of the vortex ring in the computational domain.

Fig. 4 . 2

 42 Fig. 4.2 Initial condition: a) Gaussian vorticity distribution, 𝜔 𝜃 , b) corresponding velocity profiles along (𝑥 = 6𝑅 𝑜 , 𝑦 >= 6𝑅 𝑜 , 𝑧 = 8𝑅 𝑜 ), plotted in terms of distance from the center of the ring, 𝑟 normalized by R, the radial location at which maximum value of 𝜔 𝜃 (𝑟) is obtained.

  Fig. 4.4 Domain sensitivity study: distance of the lateral boundaries 𝐿𝑦_𝑟𝑖𝑛𝑔 shown are the a) evolution of axial ring location 𝑧 𝑟 𝑖𝑛𝑔 in time b) radial profile of the normalized 𝜔 𝜃 along with a comparison with case B1 of Archer et al. (2008) in red dashed line; blue solid line represents 𝐿𝑦_𝑟𝑖𝑛𝑔 = 4.0𝑅 𝑜 , orange line 𝐿𝑦_𝑟𝑖𝑛𝑔 = 6.0𝑅 𝑜 , green line 𝐿𝑦_𝑟𝑖𝑛𝑔 = 7.0𝑅 𝑜 , that correspond to cases-4,5,6 respectively in table 4.1.

  Fig. 4.5 Grid sensitivity study: grid size (𝑑𝑥 = 𝑑𝑦 = 𝑑𝑧) in the central zone; evolution of a) the axial ring location, 𝑧 𝑟 𝑖𝑛𝑔 b) circulation, Γ; blue line represents 𝑑𝑥 = 0.062, orange line 𝑑𝑥 = 0.047 and green line 𝑑𝑥 = 0.031, that correspond to cases-5,7,8 respectively in table 4.1.

  Fig. 4.6 a) Evolution of circulation with time b) Rate of circulation decay in comparison with the result of case B1 of Archer et al. (2008) in red color.

Fig. 4 . 7

 47 Fig. 4.7 Normalized radial profile of 𝜔 𝜃 at 𝑡 = 25; data of case B1 from Archer et al. (2008) is shown as red filled circles. Note that 𝑟 is normalized by R, the radial location at which maximum value of 𝜔 𝜃 (𝑟) is obtained.

Fig. 4 .

 4 Fig. 4.10 Amplitude | ω𝑧 | of azimuthal modes of the axial vorticity 𝜔 𝑧 at different time instances and three radial locations indicated in the legend of the figures at time instances shown below each plot. Note the different limits on the vertical axis.

  Fig. 4.11 Evolution of the vortex ring in time: Contours of a) 𝜔 𝜃 b) 𝜔 𝑧 at time instances indicated at the bottom of each plot; the contour levels for 𝜔 𝜃 are in the range [2.0,5.0] with increments of 0.7, for 𝜔 𝑧 [-2.0,2.0] with increments of 0.02.

  Fig. 4.12 Schematic showing the vortex ring placed in an external shear flow.

  Fig. 4.13 Evolution of the vortex ring in time for 𝐾 = 10. Shown are the iso-surfaces for 𝑄 = 1.0

  Fig. 4.15 Iso-surfaces of 𝑄 = 0.33 for the ring in shear of 𝐾 = 10 at 𝑡 * = 55, seen from different angles to visualize the secondary structures formed.

  Figure 4.15 presents two other perspective views of the vortex ring to better understand its structure at 𝑡 * = 55, the last time step until which the simulation was run. Here, 𝑄 = 0.33 is chosen for better visualization of the secondary structures. After this time instant 𝑡 * = 55, the ring was close to the bottom boundary, where the influence of the periodic boundary condition starts to become important. The two long elongated parts are readily visible in the 𝑥𝑦-plane of figure 4.15b. These were seen to form already at 𝑡 * = 11 and grew longer with time.

  Fig. 4.16 Evolution of the vortex ring placed in external shear with 𝐾 = 0, 10, 50 at different time instances. Shown are the iso-surfaces of 𝑄 = 1.0.

Fig. 4 .

 4 Fig. 4.18 Iso-surfaces of 𝑄 = 0.33 for the ring without external shear at 𝑡 * = 77.

Figure 1 :

 1 Figure 1: Distribution of the turbulent kinetic energy at z = 2 across different frequency St and azimuthal mode m.

Figure 2 :Figure 3 :

 23 Figure 2: Turbulent kinetic energy at various radial locations as indicated above the individual plots for (a) total energy, in the (b) axial (c) radial (d) azimuthal components.

Figure 4

 4 shows the shape of the modes, m = 5 at St = 0.03 and St = 0.49, which contain significant amount of energy. The contours indicate u z and the vectors represent the inplane velocity components, u r , u θ . The mode at St = 0.03 in figure 6c matches well with the one reported in Nogueira et al. (2019); Pickering et al. (2020) representing streaks.
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 45 Figure 4: n = 1 SPOD mode corresponding to m = 5, a) St = 0.03 b) St = 0.49; u ′ z are shown by contours and u ′ x , u ′ y as vectors.

Figure 6 :

 6 Figure 6: C ω z u z (r, r ′ , θ ′ , t ′ ) for t ′ = 0 and r = 0.39, 0.51, 0.68; the probing point is marked by a red cross 'x'; the contour levels are in the range [-0.3,0.3] starting with the highest at the center of the lobes on each side and decreasing with the size of the contours; negative values are shown in dashed lines and positive values with solid lines.

Figure 7 :

 7 Figure 7: Validation of the reconstructed field, truncation in SPOD modes: time series of u ′ z at a single point using n = 10 SPOD modes in the a) jet core r = 0.24, b) in the shear layer, r = 0.51, using just n = 1 SPOD mode c) r = 0.24, d) r = 0.51; the reconstructed signal is shown in solid black line and the original signal is in thin lines with circles.

Figure 9 :

 9 Figure 9: Contours of the reconstructed field u ′ z normalized by the maximum value over the time instances presented; reconstruction was done using the first m = 12 azimuthal and n = 1 SPOD mode at time instances t = 0.13 apart; the vectors represent the in-plane velocity components and the possible locations of streamwise vortices are marked by a cross (x).

Figure 10

 10 Figure 10: u ′ z contours of the reconstructed field using the first m = 12 azimuthal, n = 1 SPOD mode using just the frequencies upto St = 0.17 representing the streaks.

Figure 11 :

 11 Figure 11: Iso-surfaces of ω ′ z = ±1.2 in gray scale and ω ′ θ = 1.2 in blue, of the reconstructed field using the first m = 12 azimuthal, n = 1 SPOD mode.

Figure 12 :

 12 Figure 12: Effect of excitation on the a) u z b) u r c) u θ components for excitation at 2.6 %, St = 0.49. sets of vortices observed, one at St = 0.49 similar to those reported earlier in Liepmann& Gharib (1992);Citriniti & George (2000) which convect with the vortex rings, and the other at St = 0.03 which tend to remain steady. One possibility is that these latter streamwise vortices could have perhaps broken from the first set of vortices and tend to reside in the outer-edge, or be formed as a result of forcing from the streamwise vorticity near the nozzle exit as proposed by[START_REF] Pickering | Lift-up, kelvin-helmholtz and orr mechanisms in turbulent jets[END_REF].The eigenfunctions corresponding to these modes are shown in figure13and 14, along with those for the unexcited jet for comparison. At St = 0.03 in figure13, the u

Figure 13 Figure 14 :

 1314 Figure 13: n = 1 SPOD mode corresponding to m = 5, St = 0.03 a) unforced b) forced at 2.6%, St e = 0.49; u z are shown by contours and u r , u θ as vectors.

Figure 1 :

 1 Figure 1: A schematic portraying the main theme of this chapter

Figure 2 :StFigure 3 :

 23 Figure 2: Difference in the jet preferred mode and the passage frequency of the vortex rings: data extracted from Crow & Champagne (1971) and plotted along with St, spectra of the axial velocity on the jet centerline at z = 4; thick solid line represents the unforced jet and thin dashed line represents the forced jet at St = 0.30 and 2%

Figure 4 :

 4 Figure 4: Notations for the round jet studied in the current work

Figure 5 :

 5 Figure 5: Axial velocity profiles at z = 0.007 a) mean b) rms; the black circles represent Re = 2.5 × 10 5 , and blue crosses represent the Re = 1.5 × 10 5 jet.

Figure 6 :

 6 Figure 6: Axial velocity profiles at z = 1 (a,b), z = 3 (c,d), and z = 4 (e,f); mean are shown on the left and rms on the right; the black circles represent Re = 2.5 × 10 5 , and blue crosses represent the Re = 1.5 × 10 5 jet.

Figure 7 :

 7 Figure 7: Evolution of the most energetic mode and turbulent spectra: PSD of the axial velocity for the Re = 1.5 × 10 5 jet at a) the nozzle exit at z = 0.007 and r = 0 represented in blue and r = 0.5 in orange, respectively; the rest are in the shear layer at r = 0.5 and z increasing from z = 1 until z = 5; b) along the jet centerline starting from z = 0.007 until z = 6. The dashed line represents slope of -5/3. Note the abscissa of (a) is frequency in Hz.

PSDFigure 8 :Figure 9 :

 89 Figure 8: Scaling of the most energetic frequency with D and U j : PSD of the axial velocity at z = 4 for Re = 1.5 × 10 5 , 2.2 × 10 5 , 2.5 × 10 5 , 3.4 × 10 5 with the broad peak occurring at St ≈ 0.46.

Figure 10 :

 10 Figure 10: Determining the axial location of maximal amplification: Axial profiles of the a) mean and b) rms of the axial velocity; the unexcited jet is shown in solid black line, excitation at St e = 0.30 in blue and St e = 0.49 in orange with an excitation level of 2.5 %.

StFigure 11 :

 11 Figure 11: Amplification curves for excitation at different St e : rms of the axial velocity at z = 4 for various excitation levels measured in terms of the rms at the nozzle exit.

Figure 12 :

 12 Figure 12: Axial velocity profiles at the nozzle exit, z = 0.007 of a) mean b) rms for the excited cases at St e = 0.49 (blue crosses) and St e = 0.30 (black circles) at 2.6 %. The corresponding unforced cases are shown in gray color.

Figure 13 :

 13 Figure13: Evolution of mean of axial velocity profiles along the jet axis for the unforced (top) and forced cases at St = 0.49 (blue crosses) and St = 0.30 (black circles) at 2.6% (bottom).

4. 3 .

 3 Figure 14: Evolution of rms of axial velocity profiles along the jet axis for the unforced (top) and forced cases at St = 0.49 (blue crosses) and St = 0.30 (black circles) at 2.6% (bottom).

Figure 15 :Figure 16 :

 1516 Figure 15: PSD of the axial velocity for the unforced jet (solid blue line) and excitation at a) St = 0.49 b) St = 0.30 at z = 2. a higher amplification than St e = 0.30 and St e = 0.49 at z = 2 (see figure 10). St e = 0.49 lies in the range of frequencies of the most energetic mode in the natural jet. The corresponding energies at these frequencies in the natural jet are marked in the axial velocity spectrum in figure 17a. It can be seen that the mode with St = 0.49 has the most energy followed by the one with St = 0.35 and, St = 0.22 with very low energy. The amplifications of these modes, expressed in terms of fluctuation intensities at z = 2 and z = 0 are included in figure 17b. These curves, in contrast to figure 17a, show that at low excitation levels, modes with St e = 0.49 and St e = 0.35 achieve almost similar amplification. The rms profile of St e = 0.49 gets quickly saturated with the increasing excitation levels, whereas that of St e = 0.35 reaches higher levels before saturation, presumably as it lies closer to the preferred mode. The rms profile of St e = 0.22, on

Figure 17 Figure 18 :

 1718 Figure 17: a) Energy of the St in the natural jet, that are studied with excitation: u z spectra in the jet core at z = 2, r = 0.24 marked with the 3 excitation frequencies studied b) Fluctuation intensities at z = 2 as a function of those at z = 0; St e = 0.22 represented by '×', St e = 0.35 by '+' and St e = 0.49 by '•'; the measurements were obtained by HS-PIV.

  Figure 19: u rms z profiles for excitation at different St e marked in figure 17a from HS-SPIV measurements for a)St e = 0.49 b) St e = 0.35 and c) St e = 0.22.

Figure 20 :

 20 Figure 20: rms profiles of the a) axial, b) radial and c) azimuthal components of velocity for excitation at 2.6% forcing, and different St e marked in figure 17a from HS-SPIV measurements.

z

  Figure 21: u ′ z time signal in the jet core at r = 0.05 for St e = 0.49 in solid line and St e = 0.35 in dashed line.

Figure 22 :

 22 Figure 22: Two dimensional snapshots of u ′ z for the excited cases at St e = 0.35 (top) and St e = 0.49 (bottom), from HS-SPIV measurements. Note the time instances included at the top of the corresponding figures.

Figure 23

 23 Figure 23: a) Variation of the momentum boundary layer thickness along the jet axis, with the color black representing the unforced cases; blue the forced cases and the symbols, 'x' representing St e = 0.49; 'o' the St e = 0.30 at 2.6% forcing; red triangles represent the excited jet of Petersen & Samet (1988) at St e = 0.44 b) Volume flux, Q(z) for different cases indicated in the legend

  Mots cl és : PIV st ér éoscopique à haute cadence, jets turbulents, interactions tourbillonnaires, modes axisym étriques R ésum é : Cette th èse contribue aux connaissances fondamentales sur les structures à grande échelle dans le champ proche des jets ronds turbulents. Tout d'abord, une interaction sp écifique entre les anneaux tourbillonnaires et les tourbillons longitudinaux dans la couche de cisaillement est explor ée. Le r ésultat de cette interaction est suppos é se manifester par une organisation radiale des tourbillons longitudinaux, par opposition à leur r éseau azimutal rapport é dans la litt érature. Des mesures par PIV st ér éoscopique à haute cadence sont effectu ées dans un plan transversal, deux diam ètres en aval de la sortie de la buse. L'intensit é des anneaux tourbillonnaires est modifi ée par une excitation axisym étrique (nombre d'onde azimutal m=0) et l'organisation r ésultante des tourbillons longitudinaux est caract éris ée. On constate qu' à mesure que la force relative entre les anneaux et les tourbillons longitudinaux augmente, l'organisation de ces derniers se d éplace progressivement vers le r éseau azimutal, ce qui corrobore l'hypoth èse mentionn ée cidessus. Les r ésultats sugg èrent l'influence des tourbillons longitudinaux sur les anneaux tourbillonnaires, plus faibles, form és dans les jets ronds à des nombres de Reynolds élev és. Dans un deuxi ème temps, les donn ées de PIV st ér éoscopique à haute cadence sont analys ées plus en d étail pour caract ériser les stries dans les jets ronds turbulents. Leur coexistence avec les anneaux tourbillonnaires et les tourbillons longitudinaux est étudi ée. Les r ésultats indiquent que les stries sont situ ées dans le bord ext érieur de la couche de cisaillement, et y sont quasi-stationnaires, tandis que le syst ème convectif form é par les anneaux tourbillonnaires et les tourbillons longitudinaux les alimente en éjectant du fluide vers l'ext érieur du jet. Enfin, diff érents modes m=0 dans le champ proche des jets ronds sont étudi és, pour mettre en évidence les diff érences entre ce que la litt érature qualifie de "mode de jet pr éf érentiel", et le mode le plus énerg étique (correspondant à la fr équence de passage des anneaux). Les mesures d'an émom étrie fil chaud à diff érents emplacements axiaux et les donn ées de PIV st ér éoscopique à haute cadence à deux diam ètres indiquent que les deux modes ont des structures radiales diff érentes. On constate également que l'excitation du mode le plus énerg étique du jet pourrait fournir des taux d' évasement plus élev és que le mode de jet pr éf érentiel, pour un m ême niveau de forc ¸age d'entr ée.Title : Large scale structures in the near field of turbulent round jets at high Reynolds number Keywords : keywords: turbulent jet flow, vortical interactions, high speed stereo PIV, axisymmetric excitation

  

  

  

  

  

  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.4 Calibration curve (a linear fit) to obtain exit jet velocity 𝑈 𝑗 from the mass flowrate 𝑚 measured by the venturimeter. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.5 Working principle of hot wire anemometry (HWA)

Table 1 :

 1 Parameters explored in this study. Note that the most energetic frequency at Z = 2D scales with U j to give a St ≈ 0.49, and that the excitation frequency was fixed at 52 Hz.

	U j (m/s) (×10 Re -5 )	boundary layer most energetic excitation state frequency (Hz) St e
	9.5	0.92	transitional	31.0	-
	15.9	1.5	transitional	52.0	0.49
	22.2	2.2	laminar	72.5	0.35
			(untripped)		
	22.4	2.2	turbulent	73.2	0.35
	34.9	3.4	turbulent	114.0	0.22

Table 3 :

 3 Ratio of the strength of the m = 0 mode to that of streamwise vortices, together with the corresponding streamwise vorticity organization for jets at different Re, without excitation.

		0.15				
	0.10 |z=2,r=0				
	u rms z	0.05				
		0.00				
		0.00	0.01	0.02	0.03	0.04	0.05
				u rms z	|z=0,r=0	

Table 4 :

 4 Variation of the relative vortical strengths through excitation, together with the corresponding streamwise vorticity organization, for m = 0 mode excited at different St e . The values for Re = 0.92 × 10 5 and St e = 0.49 are included for comparison.

	Re			excitation St e u	rms z	| z=0,r=0 u	rms z	| z=2,r=0 ω	rms θ	ω	rms θ	/ω	rms z	organization type
	0.92 × 10	5	-		-	2.0%	0.72		0.27	radial
				-		-	2.0 %	0.56		0.20	radial
	1.5 × 10	5	0.49	2.6 %	9.5 %	3.49		1.32	azimuthal
				0.49	4.8 %	11.5 %	4.85		1.88	azimuthal
				-		-	2.0 %	0.52		0.18	radial
	2.2 × 10	5	0.35	2.6 %	12.8 %	2.56		0.97	transitional
				0.35	4.0 %	14.0 %	3.39		1.34	azimuthal
	3.4 × 10	5	-		-	2.0 %	0.69		0.23	radial
				0.22	2.6 %	7.0 %	1.23		0.43	radial

loudspeaker. Recalling again from figure

  Case Stretching 𝐿𝑧_𝑠𝑡𝑟𝑒𝑡𝑐ℎ/𝑅 𝑜 𝑁 𝑧_𝑠𝑡𝑟𝑒𝑡𝑐ℎ 𝐿𝑦_𝑟𝑖𝑛𝑔/𝑅 𝑜 𝑑𝑥 = 𝑑𝑦 = 𝑑𝑧

		factor				(central zone)
	1	1	2.31	48	4.0	0.031
	2	2	4.48	48	4.0	0.031
	3	3	6.65	48	4.0	0.031
	4	0.5	4.72	96	4.0	0.031
	5	2	4.48	48	6.0	0.031
	6	2	4.48	48	7.0	0.031
	7	2	4.48	48	6.0	0.047
	8	2	4.48	48	6.0	0.062
	Table					

  , that correspond to cases-5,7,8 respectively in table 4.1.

	Γ/𝜈 𝛿/𝑅𝑜 𝐿𝑧_𝑟𝑖𝑛𝑔 𝐿𝑦_𝑟𝑖𝑛𝑔 𝐿𝑧 𝐿𝑧_𝑠𝑡𝑟𝑒𝑡𝑐ℎ	𝑑𝑥	𝑑𝑡
	5500	0.2	8	6	12	4.48	0.031 0.0055
	Table						

Table 1 :

 1 , was generated in the open-circuit wind tunnel R4Ch of ONERA Meudon. The boundary layer was tripped at 56.0 mm upstream of the nozzle exit with a Exit jet velocities (U j ), Re and the corresponding St e studied

	U j (m s -1 ) Re ( ×10	5 ) St e
	16	1.5	0.49
	22.2	2.2	0.35
	26	2.5	0.30
	34.9	3.4	0.22

(a) (b)
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J. Kantharaju, R. Courtier, B. Leclaire, L. Jacquin improve turbulence modelling. The impact of the change in flow topology in terms of streamwise vorticity organization in the near field of jets on aero-acoustics would be another direction of pursuit.

Appendix A. POD implementation

An algorithm similar to Towne et al. (2018) was implemented to compute the SPOD basis, with 256 blocks of 512 samples each with an overlap of 50 %, yielding a frequency resolution of 4.88 Hz (St ≈ 0.03 for the Re = 1.5 × 10 5 jet). For the Re = 1.5 × 10 5 jet without excitation, the n = 1 POD mode contained about 54% of the total kinetic energy while it was as high as 88% in the most excited case (u rms z

| z=0 = 4.8%). [START_REF] Davoust | Dynamics of m= 0 and m= 1 modes and of streamwise vortices in a turbulent axisymmetric mixing layer[END_REF] also found about 56 % energy in the n = 1 POD mode in their analysis of a Re = 2.1 × 10 5 jet.

Appendix B. Phase averaging and conditional averaging of the streamwise vorticity correlations for the excited jet

An instantaneous flow field can be decomposed into a mean component, a periodic component, ascribed to coherent structures, and background turbulence [START_REF] Hussain | The mechanics of an organized wave in turbulent shear flow[END_REF]. A phase average of this field can then be defined as

where τ is chosen as the period of the passage of the coherent structures. Excitation of the m = 0 mode results in a periodic signal for the axial velocity on the jet centerline, induced by the vortex rings. Using this signal as phase reference, we performed phase averaging of streamwise and azimuthal vorticity over 100 periods with τ = 50 s, corresponding to a forcing frequency of 52 Hz and acquisition frequency of 2.5 kHz. An example of the outcome of this was presented in figure 12. This however was not performed on the unexcited jet due to a lack of phase reference.

As mentioned in the review by [START_REF] Kovasznay | Measurement in intermittent and periodic flow[END_REF], conditional averaging allows quantitative description of interesting regions in a turbulent flow. Here, we have used it distinguish the streamwise vorticity organization in the ring and braid regions to better understand the structure of the vortical structures in high Re jets. For conditional averaging of the correlation over the ring and braid region, we again use u ′ z at z = 2 on the jet centerline as the phase reference. We identify the ring region corresponding to the local maxima of u ′ z , while the braid region to local minima of u ′ z . We first save the snapshots in these regions and then average the streamwise vorticity auto-correlation of equation 4.1 over the respective snapshots.

Appendix C. On convection velocities

Convection velocity (u c ) was computed by the method proposed in [START_REF] Davoust | Taylor's hypothesis convection velocities from mass conservation equation[END_REF] and the procedure is briefly described below. The continuity equation for incom-Chapter 4

Influence of external shear on the temporal evolution of a vortex ring: A DNS study

Motivated by the observations from the experimental results presented in Chapter 3, we then aimed at performing a numerical study of the interaction between a vortex ring and a streamwise vortex in the presence of mean shear in this chapter. As a quick summary of this interaction that was discussed previously, it involved two important steps: 1) tilting of the vortex ring by a streamwise vortex 2) stretching and alignment of the deformed ring by mean shear resulting in the formation of additional streamwise vortices which showed up in the vorticity correlations. Thus, a theoretical approach was sought to isolate this scenario in a numerical simulation and study the evolution of the system.

In this chapter, we present an account on the numerical investigations of round jets which have aimed at understanding the vorticity dynamics in the near field and works that have studied temporal evolution of isolated vortices. Then, the numerical approach followed in the current work is discussed along with a validation study of an evolution of an isolated vortex ring. This ring is then placed in an external shear flow and the effect of the shear on its evolution is discussed. The references cited in this chapter can be found at the end of this manuscript amongst the global references. Another reconstruction based on the energetic region in the spectra of figure 3 for low St is presented in figure 10. This is equivalent to the shape of the eigenfunction of figure 4, with the difference that the reconstructed field has a contribution from several azimuthal modes instead of just m = 5. Since this structure is reconstructed from lower St, it persists for longer times with the passage of the vortex rings and streamwise vortices.

A three dimensional Taylor's reconstruction of this reduced-order velocity field was made using Taylors hypothesis as in Kantharaju et al. (2020). The streamwise and azimuthal vorticity components are shown in figure 11. The vortex rings and streamwise vortices are not very coherent as would be expected in a jet driven by natural disturbances, though considering just the n = 1 SPOD mode helps distinguish the structures. Note that Taylor's hypothesis is not valid for very low St (see Kantharaju et al. (2020)) and hence visualizing streaks through Taylor's reconstruction is not done here.

From the analysis of this section, it is clear that the vortex rings, streamwise vortices and streaks coexist in the near field. The former two structures are found to be convecting through the measurement plane and their signature appear as a localization of the turbulent kinetic energy in the radial direction and at certain St.

Chapter 6

The jet preferred mode and the most energetic axisymmetric mode

In Chapter 3, it was shown that the Strouhal number of the axisymmetric (𝑚 = 0) excitation has an impact on the strength of the vortex rings. Rings formed in jets excited at the most energetic 𝑚 = 0 mode were estimated to be stronger than those obtained at the jet preferred mode, although the centerline fluctuation intensities were higher in the latter case. Intrigued by this observation, we sought to determine the relationship between the two modes, a topic that remains an open question to date. HWA was used to measure axial velocity profiles and energy spectra to compare the two modes and explore their characteristics. The HS-SPIV data from Chapter 3 provided additional insights into the structure of the modes at two diameters downstream from the nozzle exit.

In what follows, a reproduction of the manuscript under consideration for submission to the Journal of Fluid Mechanics, titled 'The jet preferred mode and the most energetic 𝑚 = 0 mode in turbulent round jets', is included.

This draft was prepared using the LaTeX style file belonging to the Journal of Fluid Mechanics 1

The jet preferred mode and the most energetic m = 0 mode in turbulent round jets The two most commonly referred axisymmetric modes in a round jet, viz. the jet preferred mode and the most energetic mode, in round jets with tripped boundary layers, are studied in this work. First, the relationship between the shear layer mode and the most energetic mode is discussed. Its frequency is shown to be linked to the passage frequency of the vortex rings and occurs in a range of Strouhal numbers based on jet diameter, St = [0.46, 0.49]. On the other hand, in axisymmetrically excited jets, the preferred mode is found to be have an excitation St e = 0.30. The jets excited at St e = 0.30 and St e = 0.49 are compared. With a combination of high speed stereo particle image velocimetry and hot wire anemometry, the differences in the radial structure of these two modes are highlighted. Excitation at St e = 0.49 is found to give higher spreading rates compared to St e = 0.30. The results confirm that the jet preferred mode and the most energetic mode are different and the terms cannot be used interchangeably.

Chapter 7

Global Conclusion and perspectives

Summary of the main results

In this thesis, we aimed at improving our fundamental understanding of the near field of turbulent round jets. Viewing the near field to consist of evolving and interacting vortices, in Chapter 3, we studied a specific interaction between vortex rings and streamwise vortices in high Reynolds number (𝑅𝑒) jets. The velocity field in a cross-sectional plane at two diameters downstream of the nozzle was obtained using high-speed particle image velocimetry (HS-SPIV) and spectral proper orthogonal decomposition (SPOD) of the velocity vector was performed. An estimation of the strength of the rings was obtained by considering the first SPOD mode. Through a variation of the relative strength of the rings and the streamwise vortices using axisymmetric excitation, it was shown that in high 𝑅𝑒 jets, the streamwise vortices can deform the weaker vortex rings. This could then result in the formation of additional streamwise vortices from the deformed rings with the aid of mean shear. The nature of the exiting boundary layer, i.e. being transitional or fully turbulent, was not seen to affect this process.

The experimental findings in Chapter 3 provided theoretical motivation to isolate the system of vortex rings and streamwise vortices and to understand the role played by mean shear in the existence of coherent structures in turbulent jets. To this end, direct numerical simulations were performed in Chapter 4 to study the effect of a sinusoidal shear on the temporal evolution of a vortex ring. In the presence of shear, the rings were observed to tilt and get stretched in the direction of the shear. Secondary structures were found to form around the ring core. The results underscore the importance of external shear in the evolution of vortices and encourage further research into investigating the role of mean shear of a turbulent jet on the deformed vortex rings, which were found to be influenced by streamwise vortices in Chapter 3.

With the HS-SPIV data at two diameters downstream obtained in Chapter 3, further insights were gained in Chapter 5, on the existence of recently reported high speed streaks in turbulent jets [START_REF] Pickering | Lift-up, kelvin-helmholtz and orr mechanisms in turbulent jets[END_REF]. Nogueira et al. (2019) compared these streaks to those found in turbulent boundary layers. However, in contrast to the latter flows, in turbulent jets, the streaks were shown in the current study, to occur in the outer edge of the shear layer alongside a convecting system of vortex of the streamwise vortices as well as streaks. It would also allow means to confirm the validity of Taylor's hypothesis used in Chapter 3.

In the context of active control of jets through axisymmetric excitation, Strouhal number of excitation becomes important (Moore, 1977). The results presented in Chapter 6 highlighting the differences in the jet preferred mode and the most energetic mode motivate further research into differentiating the global structure of the two modes and studying the impact of exciting them on entrainment and jet noise.