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Summary

The superimposition of a tangential motion on a conventional round jet
has been demonstrated to significantly affect the large-scale topology of
the flow. Swirling flows are widely employed, in particular in the im-
pinging configuration, in several industrial processes which involve both
non-reacting and reacting applications. In the former case, they are typ-
ically used in drying, tempering and spray generation. In the latter, they
are adopted to reduce pollutant emissions, to stabilise the flame and to
finely tune its size.

In the present dissertation the simultaneously acquired thermal and
three-dimensional velocity fields of an impinging hot jet emerging from a
custom swirl generator in a cold ambient are presented. The velocity and
temperature fields are experimentally measured using time-resolved To-
mographic PIV and high-speed Infrared (IR) thermography in a combined
system.

The detailed description of a custom swirl generator is given. The as-
sembly, made of three 3D-printed objects, is able to generate swirl num-
bers ranging from zero to 0.74. Such a device is placed in a simultaneous
measurement system equipped with temperature control systems, a flow
meter and a visible-IR transparent optical access which acts also as im-
pingement wall.

The time-averaged velocity profiles of a free swirling flow are discussed
and the swirl number related to each swirl generator is evaluated. Five
swirl generators are selected to discuss the effect of low to high swirl
numbers on the instantaneous three-dimensional dynamics in proximity of

xix



xx Summary

the nozzle. The vortical structures related to a swirling jet are recognised
in the presented snapshots. Then, the main features of the free flow
field are extracted applying Proper Orthogonal Decomposition (POD)
technique.

The impinging configuration is investigated simultaneously acquiring
the three-dimensional velocity field and the temperature footprint of the
hot jet exhausting in a cold ambient. Time-averaged velocity and tem-
perature profiles are estimated in proximity of the wall. Then the time-
dependent features of both quantities are discussed. The thermal fluctua-
tions dynamics is analysed extracting the time sequences at three different
distances from the impingement centre. The unsteady velocity field be-
haviour is discussed, comparing the instantaneous vortical structures with
the temperature fluctuations field.

In order to extract the main features of an impinging swirling jet,
POD analysis is applied to three-dimensional velocity fluctuations and to
thermal fluctuations. The most energetic modes are discussed for both
quantities.

Taking advantage of synchronisation and of knowledge of relative po-
sitioning of thermal and velocity frames, two different correlation tech-
niques are applied and their outcomes are discussed. The Extended POD
technique is applied to verify a global spatio-temporal correlation. Then,
the time-averaged correlation map between the lowest slice of the velocity
three-dimensional fluctuations distribution and the thermal footprint is
discussed.

Keywords: impinging swirling jet, time-resolved Particle Image Ve-
locimetry, high-speed Infrared thermography, velocity-temperature corre-
lation, passive scalar transportation, mixing.



11 | Introduction

Impinging jets are still an attractive investigation topic because of their
notorious high heat and mass transfer rate capabilities. They are typi-
cally used in a variety of industrial processes like electronic chip cooling
(Pavlova and Amitay, 2006), food treatment (Moreira, 2001) and drying
(Kurnia et al., 2017; Mujumdar, 2014).

One of the major drawbacks of conventional jets is the non-uniform
heat transfer distribution (Carlomagno and Ianiro, 2014). The superim-
position of tangential motion to a conventional jet is one of the most
effective methods to fix this issue and to increase the heat transfer rate.
Swirling flows are of fundamental relevance in sprays (Zeng et al., 2015)
and combustion and flame stabilisation (Candel et al., 2014). The free
flow field of a swirling jet is well known in literature (Alekseenko et al.,
2018; Graftieaux et al., 2001) but there are only few details about the
unsteady three-dimensional large scale structures behaviour involved in
the impingement configuration.

Most experimental studies on impinging jets are conducted in isother-
mal environment. In case of temperature difference between the jet and
the ambient, the entrainment phenomenon acts a crucial role in the im-
pinging jet heat transfer performance (Baughn et al., 1991; Goldstein et
al., 1990; Viskanta, 1993). As long as temperature difference is small,
it does not affect the fluid motion. Hence, the transport of tempera-
ture fluctuations intended as passive scalar can be fairly used as tracer
of jet impingement dynamics (Warhaft, 2000). Hence, the simultaneous
measurement of both three-dimensional velocity field and temperature

1
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2 1. Introduction

footprint of a swirling impinging jet would be extremely interesting.
In the present section the main literature review about the flow field

of free and impinging jets will be presented. The circular jet will be taken
as reference case and compared to the behaviour of a swirling jet. A brief
introduction to the role of mixing and transport of passive scalars on
heat transfer of an impinging jet will be presented. In the last section the
motivation of the work will be defined.

1.1 Submerged round jets

A jet is a stream of liquid or gas produced by a pressure drop through an
orifice (List, 1982). Such flows can be recognised in two main boundary
conditions, depending on whether the jet exhausts in the same medium
or not. A detailed compendium of such kind of flows is reported in Ra-
jaratnam (1976) and Abramovich et al. (1984).

It is out of the scope of this work to review all cases in which sub-
merged jets occur. In the following, the basic concepts dealing with free
and impinging submerged jets will be presented. The effect of superim-
posed swirl motion will also be discussed.

1.1.1 Free submerged round jets

Let us consider a circular submerged jet of Newtonian fluid emerging
from a nozzle of diameter D in a large stagnating chamber (figure 1.1).
Even though the downstream development depends on both initial and
boundary conditions (Bradshaw, 1966; Xu and Antonia, 2002), it is fair
to define a polar co-ordinate system (x, r, θ) with x direction aligned with
the nozzle axis. The characteristic velocity of the jet, the bulk velocity, is
referred to as U0. The centreline velocity is named Uc which is also the
maximum velocity.

Two are the characteristic lengths involved directly or indirectly in
all literature results about free jets: the jet half-radius r1/2, which is
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Figure 1.1: Schematic of main regions involved in a free submerged jet
(Ball et al., 2012).

determined by Ur1/2 = Uc/2, and the local time-averaged diameter of the
jet δt.

The flow field of a free submerged jet is characterised by three main
regions: the near field, the intermediate field and the far field. In the
nearby of the nozzle a conical region with undiminished velocity equal to
U0 is noticeable. This region is called potential core, it typically extends
within the range 0 ≤ x/D ≤ 7 (Ball et al., 2012). The transition or
developing region is included between x/D = 7 and x/D = 70. In this
region anisotropic turbulent structures form and develop. Typically this
region is characterised by instabilities which are strongly dependent on
the Reynolds number. The far field is located approximately at x/D ≥ 70
(Ball et al., 2012). In this region the flow is considered fully developed
or in equilibrium. Mathematically speaking, this means that all terms of
governing equations are in the same relative balance independently from
the x coordinate (George, 1989).

The inspection along the radial direction of the flow field of a free jet
leads to consider three concentric layers: the centreline zone, the shear
layer and the outer layer (Ball et al., 2012). In the centreline region, the
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Figure 1.2: Velocity distributions of a free submerged jet at several dis-
tances from the nozzle exit (Rajaratnam, 1976). a) Distribution of the
axial velocity along the radius. b) Velocity profiles in dimensionless quan-
tities.

mean velocity of the flow is maximum. The direction of velocity vector is
basically aligned to jet axis. In the shear layer, the interaction between
the flow and the quiescent fluid causes the formation of large vortex cores.
The outer layer refers to the undisturbed region in proximity of the jet.

The first steps of research towards characterisation of free jets flow
field were driven by the need to build a reliable statistics database of the
velocity fields of turbulent jets (Labus and Symons, 1972).

The simplest description of the overall behaviour is given by
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Abramovich et al. (1984) who, reviewing the experimental data of Trüpel
(1914), states: The velocity profile becomes “lower” and “wider” with in-
creasing distance from the beginning of the jet. This conclusion can be
deduced from the representation of velocity in cylindrical coordinate. As
a matter, moving away from the nozzle, any section experiences a velocity
decreasing and a spreading of the velocity profile (figure 1.2a). A simi-
larity condition can be verified reporting on a single coordinate plane the
ratio between u and Uc versus r and r1/2 (figure 1.2b).

As it can be noticed, the above description is suitable to provide a full
description of the flow field but it does not take into account what are
the involved flow features. Fiedler (1988) underlines the role of coherent
structures in turbulent flows. Three equally distributed preferred modes
exist in axisymmetric flows: the ring, the single helix and the double helix
(figure 1.3). The investigation of the interaction between such vortical
structures is crucial to get deeper in the phenomena correlated to such
flows: basic transport, mixing and noise generation phenomena (Hussain,
1986).

Figure 1.3: Schematic structure of a transitional free submerged jet
(Fiedler, 1988).

Vortical structures are mainly located in the developing zone. As it
can be noticed, the interface edges of the schematic in figure 1.1 are highly
convoluted. They represent the shear layer, or mixing interface, between
the jet flow and the surrounding fluid at rest (Davidson, 2015). As a
matter, the flow field in the nearby of the boundary layer does not travel
undisturbed along the jet extension but it is affected by instabilities. It
is worth noting that, even if the momentum flux in a jet is conserved,
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the mass flux is not necessarily. Hence, a turbulent fluid flow drags am-
bient fluid toward the jet axis increasing its mass flux as much as the
distance from the jet origin grows itself. This process known as entrain-
ment is triggered by the convoluted outer boundary layer. In figure 1.4

Figure 1.4: Schematic structure of a transitional free submerged jet (Yule,
1978).

the schematic of the main phenomena involved in a transitional round
jet is reported. As it can be noticed, the instability of the shear layer
produces ring-shaped vortices which in turn cause entrainment. As the
rings move downstream they generally coalesce with the neighbouring
rings thus increasing their scale. Furthermore, the gradual increasing of
axial fluctuations with distance from the nozzle causes the deformation
of the vortex rings.

An experimental visualisation of such phenomena is reported in fig-
ure 1.5. The filament line patterns of a turbulent jet, until the first two
diameters, are clearly visible. Even in its simplicity, this smoke-wire flow
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technique provides significant information. The dyed flow is clearly dis-
tinguishable from the fluid at rest, so the shear layer is easily detectable.
The shape of the shear layer is heavily convoluted which means it is
intrinsically unstable. In the meanwhile, the vortical lump is convecting
downstream, it grows in size and experiences a roll up phenomenon. Such
vortices form at small distances from the nozzle and they are convected
at significant distance from the nozzle.

Figure 1.5: Visualisation of the instability of a free turbulent jet at Re =
104 (Popiel and Trass, 1991).

The flow field dynamics of a free jet can be described referring to two
kinds of instabilities: the primary and the three-dimensional instabilities
(Liepmann and Gharib, 1992). The formers are related to the primary
flow. The vortices reported in figure 1.5 are associated with these pri-
mary instabilities. Once several vortices populate the flow field, if two
of them get close enough, they merge. Typically, this kind of vortices
is generated by the instabilities originated from the nozzle mouth. The
merging phenomenon continues downstream until the vortical structures
break abruptly. The breakdown typically coincides with the end of the
visible potential core and the start of mixing transition (figure 1.6). As a
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Figure 1.6: Axial position of vortex cores versus time (Liepmann and
Gharib, 1992). a) Dynamics of upper vortex cores. b) Dynamics of lower
vortex cores.

matter, the upper and lower vortex cores are symmetric until x/D < 2.
Then the rings become unstable and begin tilting and warping.

The three-dimensional instabilities are related to a cross-wise un-
steadiness. They appear to be similar to fingers extending out of the
flow core as much as the distance from the nozzle increases. These struc-
tures move radially in and out with the passage of vortex rings. The
technique applied by Liepmann and Gharib (1992) to spot and follow the
vortex rings was the Laser-Induced Fluorescence (LIF). The technique
was not suitable to provide three-dimensional information. Applying the
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Figure 1.7: Time sequence visualisation of a circular jet, Re = 5000
(Violato and Scarano, 2011). Isosurfaces of axial velocity = 1.05 (red),
isosurface of normalised azimuthal and axial vorticity components ωθ = 4
(cyan), ωx = −1.2 (green) and 1.2 (yellow); in the last two snapshots,
isosurfaces of normalised azimuthal and radial vorticity components ωθ =
4 (cyan), ωr = −1.2 (blue) and 1.2 (orange).

recent innovative diagnostic techniques, Violato and Scarano (2011) de-
scribed the free flow of a round jet through the application of high-speed
Tomographic-Particle Image Velocimetry (Elsinga et al., 2006).

The isosurface of normalised azimuthal vorticity component ωθ = 4
identifies axisymmetric vortices labelled with progressive numbers from
one to five. The snapshots report a streamwise and inward acceleration
in the jet core given by the vortex 4. This velocity gradient stretches the
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vortex 3 and, as a consequence, the distance between the two vortices
gradually decreases. The behaviour of vortex 1 and 2 is different. They
are already in an advanced position along the jet development. This
means that they already experienced instabilities phenomena. A crosswise
sectioning of the radial vorticity further helps to spot the radial motion
induced by the multiple rings. The cross-sectional plot at x/D = 3.8
illustrates several and not organised vortex filaments of ωr (labelled as
SR in figure 1.8b). This suggests that they are formed in the surrounding
area of primary ring instabilities, the so called braid region.

Figure 1.8: Comparison of visualisation techniques of the crosswise sec-
tion in the near field of a free turbulent jet. a) Cross-sectional LIF visu-
alisation of braids of a free turbulent jet at x/D = 3.5 (Liepmann and
Gharib, 1992). b) Crosswise radial vorticity of a free turbulent jet at
x/D = 3.8 (Violato and Scarano, 2011).

1.1.2 Impinging submerged round jets

The most natural extension of investigations about free round turbulent
jet is the study of the interaction with obstacles or significant distur-
bances, like a wall. Impinging jets are well-known for their valuable heat
and mass transfer rate capabilities especially at low nozzle-to-plate dis-
tances (Carlomagno and Ianiro, 2014). Together with the already cited
(Abramovich et al., 1984; Jambunathan et al., 1992; Viskanta, 1993) the
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Figure 1.9: Schematic of the flow field of an impinging submerged jet.

numerical modelling done by Zuckerman and Lior (2006) is also valuable.
The flow of an impinging submerged jet experiences different steps,

some of which may not exist with the decreasing of the distance between
the nozzle and the impingement wall. Hence, the most general case is for
large nozzle-to-plate distances.

Let us consider a turbulent jet emerging from a round nozzle and a
rigid wall perpendicularly placed at a distance from the nozzle (figure 1.9).
The flow field is characterised by three main regions: the potential core,
the dissipation region beyond the apex of potential core, the stagnation
region and the wall jet region. The first step of the jet path toward the
wall is characterised by a region of peripheral velocity gradient caused
by the interaction between the jet and the ambient fluid at rest through
the shear layer. The jet behaves like it would be free to evolve along
its axis. Proceeding downstream the flow is progressively decelerated
and the velocity profile spreads in the radial direction. If the nozzle is
sufficiently far from the impinging wall, a potential core still exists in
the impingement configuration. Once the potential core is terminated,
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the developing region begins. At this stage, the flow field is substantially
identical to the free configuration.

The approach to the wall provides substantial differences. The wall
represents a rigid obstacle for the jet which is forced to undergo a sudden
change in direction from axial to radial in a region called quasi-stagnation
region. The actual stagnation point is located on the wall in correspon-
dence of the jet axis. Once the velocity decreases in the nearby of the stag-
nation region, the flow undergoes a sudden acceleration which is favoured
by a positive pressure gradient. As a matter, the stagnation region is a
high static pressure region.

Once the velocity is deflected from the axial to the radial direction,
the flow has space to radially spread like a semi-confined flow. The last re-
gion the flow experiences is called wall jet region (Gauntner et al., 1970).
Hence, the horizontal component is constantly accelerated from the stag-
nation region to a maximum located at about one nozzle diameter from
the impingement. Moving away from the nozzle along the horizontal di-
rection, the jet grows in thickness. The shear layer is present also in this
region. Such a region is influenced by both the no-slip condition at the
wall, which involves a velocity gradient in proximity of the impingement
plate, and the velocity difference between the wall jet and the quiescent
surrounding ambient fluid. As in the free jet case, the shear layer acts as
a trigger to the entrainment phenomenon. This results in the growing of
wall jet thickness. In addition, the location of highest flow speed progres-
sively shifts farther from the wall while the average peak speed decreases
(figure 1.10). In the fully developed wall jet region, the maximum speed
tends to zero with the increase of the distance from the impingement. An
extensive survey about the flow field of an impinging round jet is reported
in Gauntner et al. (1970).

It is worth noting that as the nozzle-to-plate distance is reduced, some
of the reported regions no longer exist. In case the nozzle is located at
distance H ≤ 2D from the wall, the high static pressure zone in prox-
imity of the stagnation region acts a main role in the flow development.
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Figure 1.10: Profiles of the mean vertical velocity field at various distances
y from the jet centreline (Landreth and Adrian, 1990).

Eventually, also the conical shape could vanish. As a matter, at small
H/D ratios, the velocity profile of the jet does not have sufficient room
to develop and the arrival velocity is essentially uniform. In that case
impingement occurs within the jet potential core.

An impinging jet is considered laminar or turbulent depending on the
characteristics of the flow. McNaughton and Sinclair (1966) summarised
four types of jets:

• Dissipated-laminar jet, Re < 300;

• Fully laminar jet, 300 < Re < 1000;

• Semi-turbulent jet, 1000 < Re < 3000;

• Fully laminar jet, Re > 3000.

Figure 1.11 reports a smoke visualisation of an impinging turbulent jet.
Large-scale toroidal vortices developing in the mixing region are notice-
able. The approach to the wall causes vortices stretching and increasing
in size. Once reached the wall, the eddies stretch and roll up moving
along the wall. At radial distance of r/D = 1 from the impact, it is
visible a transition zone where the eddies are suddenly merged and the
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Figure 1.11: Visualisation of a round impinging turbulent jet; Re = 3500,
H/D = 2 (Popiel and Trass, 1991).

flow develops in a turbulent radial wall jet. A deeper insight into the
time-dependent evolution of structures of an impinging jet is provided by
Violato et al. (2012). In figure 1.12 the time evolution of a round tur-
bulent impinging jet (Re = 5000) is reported . The vortex rings rapidly
increase in diameter along their path toward to the wall. In addition, the
structures related to radial and axial vorticity are gradually tilted and
stretched.

Figure 1.12: Temporal sequence of instantaneous iso-surface axial velocity
1.45 (red), azimuthal vorticity ωθ = 4 (cyan), axial vorticity ωx = −1.2
(green) and 1.2 (yellow). Vectors on plane y/D = 0. Re = 5000 (Violato
et al., 2012).
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1.2 Submerged swirling jets

The addition of a tangential motion to a jet modifies its spreading rate,
entrainment and mixing performances. For this reason, several industrial
processes take advantage of swirling flows. They are largely applied in
pumps, jet engines and vacuum cleaners. The reason for the application
of rotating motions depends on the context. For inert jets, swirling jets
are typically applied to take advantage of the jet growth and entrainment
enhancement. As a consequence, heat and mass transfer are generally
improved (Huang and El-Genk, 1998; Ianiro and Cardone, 2012). Hence,
the industrial processes which could be interested in swirling jet are dry-
ing, tempering, furnace heating (Fudihara et al., 2007), food treatment
(Moreira, 2001) and electronic chip cooling (Pavlova and Amitay, 2006).
In case of reacting flows, swirling flows are employed to tune and control
the flame size (Lilley, 1974), flame shape stability (Syred et al., 1971) and
combustion intensity (Beér and Chigier, 1972; Lilley, 1977).

Another interesting branch of research on swirling flows focuses on
controlling the flow field characteristics in order to match the designer
needs. As a matter, good design can optimally control emissions (Mick-
low et al., 1993) or save energy and materials (Tsukaguchi et al., 2007).
The several and specific applications offered by rotating flows suggest the
critical interest about this kind of flows.

1.2.1 Generation of swirling flows

Swirling flows are typically generated by the superimposition of a rota-
tional motion to the free flow generated by a round nozzle. All effects
provided by a swirling jet strictly depend on the swirl ratio imparted to
the flow. The swirling rate is measured by a dimensionless parameter,
the swirl number S. If not differently declared, the coordinate system
applied in the following will be always a cylindrical polar coordinate sys-
tem. Hence, the velocity components in (x, r, θ) will be named (u, v, w)
with the first direction aligned with the jet axis (figure 1.13).
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Figure 1.13: Schematic of the adopted cylindrical reference coordinate
system.

The swirl number S is defined as the ratio between the axial flux of
swirl momentum and the axial flux of axial momentum (Gupta et al.,
1984):

S = Gθ

GxD/2
(1.1)

where

Gx =
∫ ∞

0

[
ρu2 + ρu′2 + (p− p∞)

]
rdr (1.2)

is the axial flux of axial momentum, and

Gθ =
∫ ∞

0
(ρuw + ρu′w′)r2dr (1.3)

is the axial flux of the swirl momentum and D/2 is the nozzle radius. In
equations (1.2) and (1.3) r represents the radial coordinate used as inte-
gration variable, p is the static pressure and p∞ is the asymptotic static
pressure. Four ranges of swirl number are commonly defined: non-swirling
jets (S = 0), weakly swirling jets (0 < S ≤ 0.4), moderate swirling jet
(0.4 ≤ S ≤ 0.6) and strongly swirling jets (S > 0.6). The definition pro-
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vided in equation (1.1) is difficult to use in practical applications. This
is due to the hardness of directly measuring p in each point of the flow
field.

A swirling flow can be obtained in several ways:

1. tangential entries;

2. guided vanes;

3. direct rotation.

In case of an axial-plus-tangential entry swirl generator, two flows are
finely controlled in mass flow rate (figure 1.14). The tuning of the swirling
rate can be obtained adjusting the ratio between the axial and the tan-
gential flow rates. Typically such a kind of device is characterised by two
concentric pipes which keep separated two main mass flow rates (green
and red arrows in figure 1.14). The internal one is a standard circular
pipe. The external pipe is fed by several tangentially oriented pipes placed
at a specific distance from the main inlet which act like additional inlets
(blue arrows). The peculiarity of these pipes is that they are tangentially
oriented with respect to the axial direction. Hence, a mass flow rate com-
ing from these pipes provides a rotating motion in the external pipe. In

tangential
entry

Figure 1.14: Schematic of an axial-plus-tangential entry swirl generator
(Toh et al., 2010).
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some cases, the mass flow rate, indicated with green arrows in figure 1.14,
could not exist or, for reasons of design simplicity, it is equal to the one
indicated by red arrows. Such a kind of device is largely applied when
low swirl numbers are required. On the other hand, at high swirling rates
the significant pressure drop makes preferable other design solutions.

The guided vane system is a valid alternative to generate swirling
flows: it is simple to manufacture and requires easy maintenance. Swirl
generators which involve this kind of design solution are characterised by
several vanes oriented in order to deflect the flow direction (figure 1.15).

(a) (b)

(c)

Figure 1.15: Different designs of a swirl generator with the application of
the guided vane system.

In figure 1.15a the device is supposed to be placed in a pipe. Two
paths appear to be defined: the external one, which generates the rotating
motion, and the internal one, where the fluid straightly flows undisturbed.
Such a kind of device is typically applied when there is full availability
of space to let the flow develop. As a matter, once the two flows get
together, it is fundamental leaving some characteristic lengths to let the
flow reorganise and fully develop. One of the first practical realisations of
this swirl generator design is reported by Chigier and Chervinsky (1967).
The design parameters which tune the flow fields are the ratio between
the internal and the external diameter, the vane pitch and the vane angle.
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In some cases, the internal pipe can degenerate to a solid hub of small
diameter. This means that the whole device become a multi-channel swirl
generator (Ianiro et al., 2018).

The swirl generator depicted in figure 1.15b is supposed to work at-
tached to a flat wall from the vanes’ side (Jaafar et al., 2011). The design
parameters are the vane pitch and the vane angle. In particular, the for-
mer affects the uniformity of the flow at the exit, the latter can be loosely
interpreted. As a matter, a high swirl ratio can be obtained through
a small vane degree but with an optimised custom vane shape (Susan-
Resiga et al., 2008). A movable block swirl generator is the most flexible
solution to rapidly vary the swirl ratio (Fudihara et al., 2003; Fudihara
et al., 2007; Hohmann, 2011). In alternative designs the centred hole
could also not exist. The whole device is very compact, so it is ideally
suited for applications characterised by shortage of space.

As a final example of a swirl generator device, an object similar to
which depicted in figure 1.15a, is represented in figure 1.15c. The device
is characterised by several helices climbing over a straight solid hub. The
characteristic parameters related to such a design are the pitch of helices
and the ratio between hub and helix diameters. The first parameter
affects the swirling degree of the flow, the second affects the flow rate
(Bakirci and Bilen, 2007; Bilen et al., 2002). The degenerative version
of such a device is characterised by the absence of the supporting hub
resulting in a twisted tape swirl generator (Eiamsa-ard and Promvonge,
2005; Smithberg and Landis, 1964; Thianpong et al., 2009; Wen and Jang,
2003). The device is intended to work with high density, two-phase and
reacting flows like in case of oil, sand or flames.

In case of design reported in figures 1.15a and 1.15c with the simpli-
fication of a solid hub and constant vane angle, the swirl number can be
directly related to the vane angle.

S = 2
3

[
1− (Dh/D)3

1− (Dh/D)2

]
tanϕ (1.4)
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where Dh is the hub diameter and ϕ is the constant vane angle (fig-
ure 1.16). Of course, in case of hubless devices the equation (1.4) results
in

S = 2
3 tanϕ (1.5)

which means that vane angles of 15, 30, 45, 60, 70 and 80 degrees corre-
sponds approximately to swirl number equal to 0.2, 0.4, 0.7, 1.2, 2.0 and
4.0, respectively.

φ

D

Dh

Figure 1.16: Characteristic parameters of a swirling nozzle with helical
pattern (Ianiro and Cardone, 2012).

1.2.2 Free submerged swirling jets

The basics of theory about rotating flow fields was given by Görtler (1954)
and Loitsyanskii (1953). Their aim was to extend the theory about turbu-
lent jets to rotating flows. Both analyses were based on simplified equa-
tions of motion invoking the boundary-layer approximation. Loitsyanskii
based his calculations including the radial pressure-gradient term. On
the other hand, Görtler supposed to study a sufficient weak swirl degree
assuming constant the pressure field throughout the jet. The aspects of
decaying and spreading were studied by Steiger and Bloom (1962) who



1

1.2. Submerged swirling jets 21

focused on the investigation of incompressible and compressible free jets
with small, moderate, and large swirl degree. The tangential and axial
velocity components and the stagnation enthalpy were assumed to have
polynomial profiles in the radial direction. Then, the Von Kármán in-
tegral method was applied to the viscous layer but no comparisons with
experiments were presented.

The analytical investigation continued with the work of Lee (1965)
who obtained closed-form solutions for an axisymmetric turbulent
swirling jet using similarity assumptions for the axial and the tangen-
tial velocities. The experimental data provided by Rose (1962) demon-
strated to be in good agreement with the theory developed about the
weak swirling case. Chigier and Chervinsky (1967) performed both theo-
retical and experimental studies of turbulent swirling jets emerging from
a round orifice.

In the next years, investigations followed about new methods to gener-
ate swirling fluid motion. The investigations were conducted in a confined
coannular configuration (Dolling and Gray, 1986). The interest on such
a kind of flows increased in correspondence with the noticeable enhance-
ments in combustion applications (Lilley, 1977; Syred and Beer, 1974).
Turbo-machinery industry also took advantage of these advancements
(Kerrebrock, 1977). The latest investigations included the study of the
phenomenon of the vortex breakdown (or flow reversal) (Benjamin, 1962;
Leibovich, 1978; Sarpkaya, 1971) and the vortex instability (Chanaud,
1965) in strong swirling flows.

As it can be noticed, the swirling flows investigation can be divided
in five categories:

• swirling turbulent free jets emerging from an orifice and exhausting
into a stationary or moving fluid;

• confined swirling flows in variable area ducts;

• swirling flows in turbo-machinery annuli;

• vortex control;
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• leading-edge vortex breakdown over a high-angle-of-attack delta
wing.

The present work will focus on the first framework.
The evolution of a swirling jet emerging from a nozzle into ambient

fluid strongly depends on the method of swirl generation which basically
affects the initial distribution of velocity (Farokhi et al., 1989; Gilchrist
and Naughton, 2005). Hence, each experimental setup which involves the
same swirl number could demonstrate, without any conflict with others’
results, some differences in velocity profiles.

Figure 1.17 reports the radial distributions of the axial component of
the velocity vector for a generic free swirling flow. As it can be noticed,
there exists a different behaviour depending on the swirl number. From
weak to moderate swirl ratios the velocity profiles appear to be much
similar to Gaussian distributions. In addition, moving away from the jet
axis, velocity profiles widen and decrease in maximum value. For strong
and very strong swirl numbers a flow reversal phenomenon is measured

Figure 1.17: Radial distributions of axial velocity component at distance
of x/D = 4.1 from the nozzle exit (Chigier and Chervinsky, 1967).
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Figure 1.18: Schematic of periodic motion of the PVC and velocities
induced (Chanaud, 1965).

in the region up to 3.5D from the orifice (Chang and Dhir, 1994).
The first three-dimensional investigation of a free swirling jet implied

dye injection in water and air experiments performed on a swirl generator
(Chanaud, 1965). Observations showed that, for swirl ratios lower than
a critical value Scr (Billant et al., 1998), a Kelvin-Helmholtz instability
occurs in the axial shear layer caused by the high radial gradient of the
azimuthal velocity in the nozzle centre (H. Liang and Maxworthy, 2005).
Proceeding downstream, in the region of significant velocity deceleration,
the swirling core takes the shape of a precessing helix (figure 1.18). This
is a precessing vortex core (PVC) (Cala et al., 2006) which is the primary
and the most powerful structure in a swirling jet flow. The dominant
vorticity of the swirl flow is located in such co-rotating counter-winding
helical structure. On the other hand, the outer shear layer located be-
tween the fluid at rest and the swirling flow appears in the form of tilted
roll-up vortex rings (Markovich et al., 2014). Figure 1.19 show a schematic
of the above description.

After a critical value of the ratio of rotational velocity to axial velocity
(S > Scr), free swirling jets are dominated by vortex breakdown and a
central recirculation zone with a strong reverse flow. The flow experiences
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Figure 1.19: Schematics of the instantaneous structures of a) low- and b)
high-swirl free jet (Markovich et al., 2014).

a regular temporally periodic motion of finite amplitude and the outer
shear layer assumes a spiral shape called outer secondary vortex (OSV).
In addition, the inner shear layer generates an inner secondary vortical
(ISV) structure. The three identified vortical structures are schemati-
cally reported in figure 1.20. Such helical structures mainly differ in the
energetic content.

Figure 1.20: Schematic of a free turbulent swirling jet. The vortex signs
are given by blue arrows. The purple circle represents the nozzle edge
(Cala et al., 2006).
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1.2.3 Impinging submerged swirling jets

One of the most significant characteristics of an impinging round jet is
that the local heat flux is highly non-uniform (Viskanta, 1993). For sev-
eral industrial applications, like electronic cooling and drying, this is not
acceptable. Hence, the swirling jets could be a possible solution to achieve
both high heat transfer and radial uniformity (Huang and El-Genk, 1998).

In figure 1.21 a schematic of the flow field of an impinging swirling jet is
reported. The flow field is distinctly different from the free configuration.
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Figure 1.21: Schematic of the swirling impinging jet flow field (Huang
and El-Genk, 1998).

Six different regions are noticeable: free jet region, impinging area, spiral
flow mixing region, flow separation, entrainment region and internal flow
mixing region.

The free jet region is comparable to what happens in a conventional
impinging jet. The fluid proceeds toward the wall barely influenced by
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its presence. The rotating motion significantly affects the flow diameter
spreading the jet and dragging fluid from the ambient.

The impinged area (marked with the dashed red line) is characterised
by the impact of the jet with the wall. In this region, an annular rotating
volume of fluids generates which further increases the mixing. With the
approach of the fluid to the wall, the flow experiences a deflection along
the wall. As a matter, the axial velocity component reduces to zero
while the radial component of velocity rapidly increases. The azimuthal
velocity component triggers the formation of a spiral flow which departs
from the impact region and spreads developing in a wall jet. The jet
finally separates at several diameters from the impingement.

The first investigations about swirling impinging jets are referred to
Martin (1977). The conclusion of his work was that the presence of the
circumferential velocity component did not produce significant changes
on the heat or mass transfer from the wall. After a decade, Ward and
Mahmood (1982) presented different conclusions demonstrating that swirl
flow significantly reduces the heat or mass transfer from the wall. In
order to solve such a contradiction, additional investigations were con-
ducted about the instantaneous flow field (Abrantes and Azevedo, 2006;
Alekseenko et al., 2007) and the heat transfer coefficient (Azevedo et al.,
1997). The most striking difference between a conventional and a swirling
jet was demonstrated to be the spreading in the radial direction caused
by the presence of the swirl. This characteristic causes a decrease in the
axial velocity in the center of the jet leading to the formation of zones of
recirculating flow in the jet core. This gives rise to a second shear layer
at the interface of the jet with the inner slow-moving-fluid region, where
intense vortices are formed (figure 1.22a).

The presence of a recirculating zone at the stagnation region was con-
firmed with the combined application of velocity and temperature mea-
suring techniques (Particle Image Velocimetry and Laser Induced Fluo-
rescence) (Nozaki et al., 2003). Additional information were added by
Senda et al. (2005) who applied Laser Doppler Velocimetry (LDV) and a
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Figure 1.22: Quantitative measurements about the flow field between
the nozzle and the impinging wall of an impinging swirling jet. a) Time
averaged velocity magnitude contours (Abrantes and Azevedo, 2006). b)
Normalised axial component of mean velocity contours (Alekseenko et al.,
2007).

thermo-sensitive liquid crystal sheet to provide a detailed footprint of the
thermal field. A local maximum of heat transfer was spotted at a non-
zero radial position from the stagnation point. On the other hand, the
heat transfer was demonstrated to be more uniformly distributed all over
the impingement plate. Once verified the enhancement properties about
heat and mass transfer of swirling impinging jets, many works followed
(Brown et al., 2010; Hee et al., 2002; Kinsella et al., 2008; Nuntadusit
et al., 2010).

In order to provide additional information to make the interpretation
of the velocity in the third dimensions easier, a recent work of Ahmed
et al. (2015) gave the first quantitative measurements about the pressure
distribution in the stagnation and wall jet regions for relatively high swirl
numbers.
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1.3 Mixing and transport of passive scalars

Entrainment phenomena are always present in both isothermal free and
impinging jet configurations, swirling or not. When a jet emerges from
a nozzle, a friction occurs between the surrounding fluid at rest and the
forced motion.

As a matter, entrainment acts a main role in the mixing performances
of a jet. Hence, in configurations in which the jet is at different tem-
perature with respect to the ambient in which exhausts, it is interesting
to investigate the mixing properties provided by the jet under analysis
(Dahm and Dimotakis, 1987; Strang and Fernando, 2001).

The mixing performances of a jet have fundamental importance in
impinging configurations. The interaction of the main flow with the sur-
rounding fluid occurs in multiple regions and in a more complex way
because of additional phenomena involved in the impact of the jet. In
impinging jet configurations, entrainment phenomenon can significantly
affect the heat transfer performances acting as driver of new fluid to-
ward the jet axis. Attracted by heat transfer enhancement, several in-
vestigations focused on flow fields large-structure characterisation always
followed by heat transfer analyses (Afroz and Sharif, 2018; Amini et al.,
2015; Fénot et al., 2015; Li et al., 2018). Such investigations suggest a
strict correlation between entrainment and mixing brought by large-scale
vortical structures involved in the flow field.

The most immediate way to investigate the mixing performances of
an impinging jet is to take advantage of transport of passive scalars pro-
vided by the flow field under analysis. Hence, implying a jet at different
temperature from the ambient in which exhausts, the different radiative
content of two fluids acts as a tracer which has a diffusive behaviour but
has no influence on the dynamics of the flow field (Warhaft, 2000). As a
matter, the information provided by simultaneous acquisition of unsteady
velocity and temperature fluctuations fields can be applied to correlate
the main features related to the two measured quantities (Antoranz et al.,
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2018; Haustein et al., 2012; Yamada and Nakamura, 2016).

1.4 Motivation of the work

The interaction of a swirling jet with a flat wall is of main interest for
several research topics because of the entrainment and mixing enhanced
properties. Despite that, literature is currently lacking of a detailed three-
dimensional description of the flow field in proximity of the wall and its
instantaneous influence on the thermal field. For this reason, the investi-
gation of both the unsteady three-dimensional velocity and thermal fields
in proximity of the wall of an impinging swirling hot jet exhausting in a
cold ambient is attractive. Hence, the present work aims to accomplish
the following goals:

• design of a custom swirl generator with variable vane angle;

• design of an experimental apparatus which allows to simultaneously
measure the three-dimensional unsteady flow field dynamics and the
thermal fluctuations in proximity of the wall;

• characterisation of the swirl numbers related to the custom swirl
generators designed;

• three-dimensional description of the flow field of a swirling jet in
proximity of the nozzle;

• comparison of several swirl generators mixing performances exam-
ining the unsteady and simultaneous impinging three-dimensional
flow field and wall temperature;

• application of modal decomposition methods to extract the main
vortical structures involved in a swirling jet;

• estimation of the correlation between impinging flow field and wall
temperature.
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In the following, we first present a non-exhaustive literature review of
the measurement techniques applied to perform the experimental tests:
time-resolved Tomographic Particle Image Velocimetry (TR Tomo-PIV)
and Infrared (IR) thermography. The working principles and the pecu-
liarities of each technique are highlighted in order to give to the reader the
basic elements to critically understand the challenge of the simultaneous
acquisition of both velocity and thermal field of an impinging swirling jet.
Such measurements are performed with the experimental setup described
in chapter 3. The design characteristics of the employed swirl generator,
the details of the images processing and the limits of the measurement
are described in detail. Then, the two reference systems adopted for the
experimental data analysis, one in proximity of the nozzle and another
one in proximity of the wall, are defined.

In chapter 4, the flow field in proximity of the nozzle of the swirl
generator is defined with the description of the radial velocity profiles
and of the three-dimensional instantaneous flow field. Then, with the
application of Proper Orthogonal Decomposition analysis (Berkooz et al.,
1993), the main features of a free swirling jet are presented.

The characteristics of the flow field of an impinging swirling jet are
investigated for five swirl numbers. Separate analyses for the velocity
field and for the temperature field are presented. Then, the character-
istics of the simultaneous unsteady velocity and temperature flow field
are described. As final remark, the correlation between the two measured
quantities is presented with the description of the outcome of two different
correlation techniques.
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In order to successfully measure the three-dimensional velocity and tem-
perature distributions in proximity of the wall, two techniques are simul-
taneously applied: Tomographic Particle Image Velocimetry (PIV) and
Infrared thermography. In the following, the basic principles of the two
techniques will be described.

The first mentioned technique is notorious to have been largely em-
ployed to provide three-dimensional time-resolved (4D measurements)
data. Hence, with this technique, it is possible to investigate the time-
dependent three-dimensional organisation of turbulent coherent struc-
tures.

The application of the second technique allows to detect the electro-
magnetic energy radiated by an object and to convert it into a sequence
of instantaneous 2D temperature maps. As a matter, an IR camera offers
fully 2D non-intrusive high sensitive and low response time measurements
of the accessible field of view.

2.1 Tomographic Particle Image Velocime-
try technique

The major drawback of most of quantitative techniques is placing a sensor,
more or less sophisticated, in proximity of or within the flow to be mea-
sured. In both cases the flow, especially in subsonic regimes, inevitably
feels the presence of the sensor modifying its topology.

31
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Driven by the need to investigate in detail the flow field without affect-
ing it in any way, together with the technical progress about high-energy
lights (lasers) and fast imaging technology, after about a century from
the first PIV-oriented measurements (Prandtl, 1904), the formal bases of
the techniques were posed (Elsinga et al., 2006).

2.1.1 Fundamentals of technique

Tomographic PIV (T-PIV) technique is a completely non-intrusive and
whole-field technique which allows the measurement of velocity vector in
a three-dimensional volume exploiting the light scattered by small parti-
cles uniformly disseminated in the fluid which are assumed to follow the
fluid flow with high accuracy. A stroboscopic high-energy light source,
typically a laser light, is used to illuminate the seeding particles at two
consecutive instants separated by a small time delay. The light scattered
by these particles is then collected by multiple high-speed cameras.

A typical T-PIV experimental setup is schematically represented in
figure 2.1 where also the processing steps are reported. The images ac-
quired are then reconstructed to form three-dimensional intensity dis-
tributions. The field of displacements is then evaluated via statistical
techniques.

Indeed, the above described process includes some additional steps
which play a fundamental role for the accuracy of the process. First of
all, in order to obtain an accurate 3D reconstruction, a calibration of the
camera system is needed. This includes two steps: a calibration procedure
which includes a physical target and a refined calibration from particle
images called self-calibration (Wieneke, 2008).

2.1.2 Volume illumination and optical system

A PIV optical system includes two main components: a light source and
several digital cameras. In most PIV applications, the illumination of the
measurement volume is typically performed using a pulsed laser. Such
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Figure 2.1: Schematic of T-PIV setup and processing procedure (Elsinga
et al., 2006).

a device provides high energy (10-400mJ/pulse) and short duration light
emission (6-100ns). The first characteristic is fundamental to achieve
sharp distinction between the particles which scatter light and the back-
ground which is typically close, in value, to the camera image noise. The
second is necessary to avoid blurred particles patterns. High energy pulses
can be achieved only from low to moderate repetition rates (up to 15Hz).
For low-speed applications the most appropriate devices are the Nd:YAG
lasers. For high-speed applications lower pulse energy (15mJ to 30mJ)
lasers are used. These devices, typically Nd:YLF lasers, have the oper-
ating frequency ranging between 10Hz to 10kHz. The wavelength of the
emitted light is 532nm for the Nd:YAG lasers and 526nm for the Nd:YLF
ones.

Common PIV cameras can be distinguished for the sensor mounted on
them: CCD (charge-coupled devices) or CMOS (complementary metal-
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oxide-semiconductor) sensors. The first kind of sensors is typically slower
and more expensive but offer higher dynamic range and higher resolu-
tion. On the other hand, CMOS sensors allow for repetition rates up to
few thousands per second. The more recent sCMOS (scientific CMOS)
technology combines the advantages of modern CCD and CMOS sensors.
The typical sensor sizes vary between 1 to 16 millions of pixels with pixel
size ranging between 5µm to 25µm.

In order to achieve high accuracy in measurements, particles require
to be in focus throughout the illuminated region and to have images on
the sensor plane with an appropriate size (in pixel units). To achieve such
conditions, cameras have to be equipped with lenses.

The diameter of particles on the camera sensor dτ can be spilt in two
contributions: the particle diameter related to geometric effects (dgeom)
and which related to diffraction effects (ddiff). The first is related to the
optical magnification and the second is related to lens aperture and light
wavelength. The particle diameter for a specific setup can be easily a
priori evaluated with the application of the following (Adrian and Yao,
1985):

dτ =
√
d2
geom + d2

diff =
√

(Mdp)2 + [2.44λf#(1 +M)2]2 (2.1)

where dp is the physical particle diameter, M is the magnification factor
equal to dgeom/dp, λ is the wavelength of illumination light and f# is the
f -number equal to the ratio of lens focal length to aperture diameter.
Typically, dτ is expressed in pixel units as d∗τ = dτ/dpix, with dpix being
the pixel size in physical units. As a rule of thumb, dτ should be greater
than 2 and smaller than 5. The first constraint should be respected to
avoid “peak locking” issues, the second one should be verified to keep
high the accuracy of the computation.

The condition of focused particles is accomplished when all illumi-
nated particles included in the field of view do not encounter a significant
blurring. The extension of the in-focus region is referred to as “depth of
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field” and it is defined as (Raffel et al., 2018):

∆field = 2f#ddiff

(
M + 1
M

)
= 4.88f 2

#λ
(
M + 1
M

)2
. (2.2)

In case of volumetric measurements, the cameras are typically tilted with
respect to the midplane of measurement and the required depth of field
can be large. The first difficulty can be overcome with the application of
specific lens adapters those make parallel the plane of focus to the image
plane (Scheimpflug condition). The second issue can be solved increasing
the f# which also causes the reduction of light acquired by the sensor.

2.1.3 Optical system calibration

In order to convert the measured displacements from pixel (or voxel, the
equivalent of pixel in 3D space) in physical units, a calibration procedure
is needed. In particular, for tomographic PIV measurements this step is
necessary for the reconstruction procedure. The modern camera calibra-
tion procedure consists of two main steps: a calibration which includes a
physical target and a refined calibration which exploits particle images.

Physical calibration

The physical calibration is based on the registration of a calibration tar-
get covered by markers whose physical positions are precisely known (fig-
ure 2.2). The calibration target is typically mounted on a translation stage
allowing images to be acquired with various depth positions. The position
of each marker is determined on the images by template matching algo-
rithms. The result of this mark finding procedure is the correspondence
of image with world positions. Such a correspondence is used to define
an imaging model for the optical system. Typically, the pinhole camera
model (Tsai, 1987) is applied because of its ability to describe the camera
in terms of physical parameters. On the other hand, such a camera model
is limited in its ability to describe lens distortions. Alternatively, a poly-
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Figure 2.2: Schematic of physical calibration procedure with the acquisi-
tion of multiple calibration target positions (Elsinga, 2008).

nomial model for higher-order distortions to be captured can be defined.
A least-squares fitting method is applied between the marker positions in
world reference system (xc, yc, zc) and those on images recorded (Xc, Yc).
The fit returns a set of polynomial coefficients rather than camera pa-
rameters. Typically, for thin volumes the method proposed by Soloff et
al. (1997) is applied. This method involves a third-order in-plane and
second-order out-of-plane polynomial fitting. For thick volumes inde-
pendent third-order in-plane polynomials are used for each depth plane,
called mapping plane. The intermediate depth positions are determined
by linear interpolation of two adjacent mapping planes. The accuracy of
a model can be estimated by the root-mean-square (RMS) residual er-
ror between the measured and modelled camera positions. Typically the
accuracy achieved with such a procedure is of 0.5 pixels.

Self-calibration procedure

The accuracy of optical system calibration presented above can be fur-
ther improved using a self-calibration procedure using the particle im-
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ages. Errors from physical calibration could arise from target imperfec-
tions, accuracy of marker identification, incorrect positioning of target in
the world coordinate system. The volume self-calibration proposed by
Wieneke (2008) solves these issues through the use of particle triangula-
tion. The triangulation procedure is schematically reported in figure 2.3.

Figure 2.3: Particle matching search procedure for four cameras; εr is the
search radius, Lz is the length of the epipolar line (Discetti and Astarita,
2014).

First, a set of particles are identified via intensity thresholding method
and 2D peak detection on the first camera. Then, the line of sight of each
particle position is computed and back-projected onto the second cam-
era. The back-projected line of sight (LOS), intersecting the illuminated
volume, is an epipolar line. Established a search radius εr, all particles
located within the region are flagged as potential matching candidates.
The procedure continues on the other cameras. It is worth noting that
after two cameras, the epipolar line is an epipolar point. This means
that the search radius highlights a circular region. If a match is found
in all camera images, the particle is considered a true match and a least-
squares triangulation estimates the particle position in world coordinates.
The back-projection of such a position to all cameras and comparison to
the particle images provides the error map for each camera at the world
coordinates of the particle. The disparities are collected in a binning
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procedure, each modelled as a Gaussian blob integrated onto a disparity
map. As additional disparities are determined, a peak forms indicating
the most likely disparity. To improve the disparity peak detectability, the
procedure is repeated for a number of snapshots and the disparity maps
for the individual snapshots are binned. The volume self-calibration is ca-
pable of correcting calibration errors in excess of 10 pixels and reducing
them to below 0.1 or even 0.01 pixels (Wieneke, 2008).

Figure 2.4: Disparity maps generated from self-calibration procedure for
a single image (left) and for 16 images (right) (Wieneke, 2008).

2.1.4 Tomographic reconstruction

The tomographic reconstruction procedure aims to reconstruct the three-
dimensional intensity distribution E starting from its projection on the
cameras denoted with I. Typically, the optical medium in which experi-
ments are performed is transparent, I is the result of the integration of the
intensity field E along each pixel LOS. Such a relation can be described
by a linear system of equation

m∑
j=1

ω
(c)
ij Ej = I

(c)
i with i = 1, . . . , n, c = 1, . . . , N (2.3)
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where n is the number of pixels, m is the number of voxels, i is the index
over pixels of the c camera and j is the index over the voxels of the inten-
sity fields. The coefficients ω(c)

ij are the weighting functions which specify
the contribution of each jth voxel to the ith pixel. Such weights, which
are estimated by the volumetric fraction of voxel j intersected by the LOS
of pixel i, are physically estimated by the intersection of a pyramid, rep-
resenting the pixel LOS, and a cubic voxel. To reduce the computational
costs the LOSs are assumed to be cylindrical and the voxels spheres.

Figure 2.5: Schematic of voxels discretisation and imaging model adopted
in tomographic reconstruction. The weighting function for the pixel be-
longing to the camera 1 has a Gaussian distribution and only the voxels
falling in this region contribute to the light intensity of the pixel (Scarano,
2012).

The weights in equation (2.3) forms a non-square and non-symmetric
matrix. This precludes to solve the ω E = I system with the computation
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of the inverse matrix.
The algebraic schemes applied to solve such a problem can be dis-

tinguished in two classes: additive and multiplicative. The standard
methods belonging to these two classes are ART, algebraic reconstruc-
tion technique (Gordon et al., 1970), and MART, multiplicative algebraic
reconstruction technique (Herman and Lent, 1976). In the following the
iteratively applied equations belonging to the two reconstruction tech-
niques are reported:

ART: E
(k+1)
j = E

(k)
j + µ̄

I
(c)
i −

∑
j ω

(c)
ij E

(k)
j∑

j ω
(c)
ij

ω
(c)
ij (2.4)

MART: E
(k+1)
j = E

(k)
j

 I
(c)
i∑

j ω
(c)
ij E

(k)
j

µ̄ω
(c)
ij

(2.5)

where µ̄ is a relaxation parameter useful to stability of the method.
A quantitative comparison of reconstruction quality provided by dif-

ferent methods is provided by Elsinga et al. (2006). In the case where a
reference volume Eref is known, like in synthetic tests, the reconstruction
quality factor Qf is defined as the normalised cross-correlation coefficient
between a sample volume E and Eref:

Qf =
∑N
j Ej · Ej,ref√∑N

j E
2
j ·
∑N
j E

2
j,ref

. (2.6)

In case of experimental data, Qf is estimated as the residual error between
the back-projection of the reconstructed volume on the image plane and
the acquired images. The Qf value is bounded between 0 and 1 indicating
that 1 is an ideal reconstruction procedure.

2.1.5 Advanced reconstruction techniques

In order to increase the reconstruction quality several approaches of the
reconstruction problem have been tested. The main source of error during
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the reconstruction step is caused by ghost particles. Ghost particles are
regions of non-zero light intensity formed at the intersection of LOSs
where no actual particle is indeed located in the physical space. Figure 2.6
schematically shows the detrimental effect of the ghost particle presence
in a 2-particle-2-camera problem.

Figure 2.6: a) Schematic of the formation of ghost particles in tomo-
graphic reconstruction in 2-particle-2-camera problem; b) possible recon-
struction solution to the 2-particle-2-camera problem reported on the left
(Elsinga et al., 2011).

Increasing the number of cameras can help but it is not a definitive
solution. In case of N -camera system, the estimation of the ratio of the
number of ghost particles Ng to the number of true particles Np is given
by (Discetti, 2013):

Ng

Np

= pppN−1
(
πd∗τ
4

)N−2

d∗τ
M∆field

dpix
= 4
πdτ

NN−1
S M∆field (2.7)

where ppp is the particle per pixel area which can be interpreted as the
particle image density, NS is the source density given by the product of
ppp and the average particle area in pixels. The optimal value of NS is
around 0.2 (the total area occupied by particles in the recording is the
20% of the total imaging area), which corresponds to ppp ≈ 0.05 (Scarano,
2012). Beyond this threshold, the detrimental effect of the ghost particles
leads to unacceptable levels of uncertainty in velocity field estimation.

Alternative strategies to ART/MART aim to reduce the number of
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ghost particles exploiting the coherence of a particle field between con-
secutive snapshots to present an improved initial guess to the MART
procedure. For this reason, such a kind of approaches is suitable for time-
resolved measurements. Enhancements are possible introducing the time
information like in sequential motion tracking-enhanced (MTE) approach
(Lynch and Scarano, 2015; Novara et al., 2010).

A different approach, called three-dimensional Particle Tracking Ve-
locimetry (3D-PTV), considers discrete particles coupled with a parti-
cle imaging model instead of the classic voxel-based reconstruction logic.
Such an approach is based on the particle detection and an iterative tri-
angulation procedure (Maas et al., 1993). By the pairing of the particles
between two consecutive snapshots it is possible to determine the velocity
of tracer particles. Improvements in such a method have been provided
by the iterative particle reconstruction (IPR) technique (Wieneke, 2012)
and the ‘Shake-the-Box’ (STB) approach proposed by Schanz et al. (2016)
and Schröder et al. (2015).

The IPR technique assumes that a single particle is not defined only
by its position in the physical space but also by its diameter and inten-
sity. Iterations are needed for optimizing all these properties. This is
accomplished projecting the 3D particle distribution onto the cameras
and comparing the back-projections with the original images. Hence, the
properties involved in the optimisation process are refined minimising
the norm of the residual images, defined by the difference between the
back-projection and the original image. In such an iterative procedure,
particles those show intensity or diameter below certain thresholds are
identified as ghost particles and removed.

The IPR technique combined with time-resolved 3D-PTV allows for
operating at higher seeding densities. The STB algorithm, which can
be considered as the motion-tracking enhancement variant of IPR, over-
comes the typical limitations in particle image density for particle position
based three-dimensional methods introducing the temporal information
into the IPR processing of each time-step predicting a particle cloud for
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each consecutive time-step (time-resolved STB). The particles paths are
extrapolated in time and such positions are refined by ‘shaking’ the 3D
particle distribution, then new particles are introduced and refined by
IPR procedure.

2.1.6 Velocity estimation

The three-dimensional velocity field is obtained by the displacement eval-
uation of particle tracers between two or more consecutive snapshots. The
displacement all over the tomographic PIV volume is obtained by divid-
ing the reconstructed volume into a number of sub-volumes (interrogation
volumes) and for each of them the three-dimensional cross-correlation
function R is applied:

R(s) =
∑
x(Ωn(x)− ξn) · (Ωn+1(x+ s)− ξn+1(s))√∑

x(Ωn(x)− ξn)2 ·∑x(Ωn+1(x+ s)− ξn+1(s))2
(2.8)

where x is the volume index, s is the vector of shifts, Ωn and Ωn+1 are
the interrogation volumes for two different times t and t + ∆t, ξn and
ξn+1 are the mean values of Ωn and Ωn+1 respectively. The function R(s)
ranges between -1 and 1. The peak location of the three-dimensional
cross-correlation map is the estimated average displacement within the
interrogation volume.

The maximum value of the correlation peak is negatively influenced by
two effects: the out-of-window displacement of particles and the presence
of velocity gradients within the interrogation window. The first effect
requires large interrogation windows, the second can be easily avoided
with smaller windows. As a matter, the two effects act simultaneously,
thus to avoid both of them, a multi-grid iterative window deformation
(MGIWD) is generally applied (Scarano, 2001). This approach consists
in determining a predictor of the displacement field on a coarse grid and
accordingly deforming the interrogation windows.
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2.2 Infrared thermography

Infrared thermography is a measurement technique that enables to ob-
tain non-intrusive measurements of surface temperatures by detecting the
energy radiated in the IR band from any body at a temperature above
absolute zero (Astarita and Carlomagno, 2012).

The temperature measurement in thermo-fluid-dynamics requires a
temperature transducer. Most of the quantitative techniques involve zero
dimensional sensors which are able to measure temperature at a single
point. This is a significant limitation when the temperature field exhibits
high spatial and temporal variations. There are several advantages in
the application of an IR camera as a temperature transducer. Modern
transducers have high sensitivity (down to 10mK) and low response time
(down to 20µm). Hence, an Infrared camera constitutes a truly two-
dimensional transducer, allowing accurate temperature measurements at
high spatial and temporal resolution.

2.2.1 Principles of radiation

The heat transfer by radiation is an energy transport mechanism that
occurs in the form of electromagnetic waves (Howell et al., 2016).

Suppose that a certain amount of energy is travelling in vacuum via
radiation mode. The energy can be partially absorbed and reflected by a
body or even pass through it. A conservation condition has to be verified:

αr + χr + τr = 1 (2.9)

where αr is the radiation fraction absorbed by the body, χr is the fraction
of energy reflected by the body and τr is the fraction of total energy which
passes through the body. Such contributions are respectively named ab-
sorptivity, reflectivity and transmissivity coefficients of the body under
consideration. They depend on radiation wavelength and propagation
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direction.
The body which emits the greatest amount of energy at a given tem-

perature is called black body. The law that describes the energy flux
(energy rate per unit body area) per wavelength (spectral hemispherical
emissive power) Pb(λ)[W/m3] emitted by a black body in the hemisphere
outside its surface, is the Planck’s law of radiation:

Pb(λ) = K1

λ5 (eK2/λTb − 1) (2.10)

where λ is the radiation wavelength [m], Tb is the absolute black body tem-
perature [K], K1 and K2 are the first and the second universal constants
respectively equal to 3.7418 · 10−16Wm2 and 1.4388 · 10−2mK. Equa-
tion (2.10) is graphically represented in figure 2.7. The curves reported
tend to zero for both λ→ 0 and λ→∞.

Figure 2.7: Black body radiation curve according to the Planck’s law.

The entire electromagnetic spectrum can be divided into a number of
wavelength intervals called spectral bands. The spectrum extends from
very small wavelength values (λ → 0) to extremely large ones (λ → ∞).
The Infrared range is included from few micrometers to some millime-
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Figure 2.8: Electromagnetic spectrum with particular focus to thermal
Infrared range.

tres (figure 2.8). The Infrared range can be further divided into four
different bands: near- or small-wave IR (NWIR/SWIR) (0.75-3µm), mid-
wave IR (MWIR; 3-6µm), long-wave IR (LWIR; 6-15µm) and extreme
IR (>15µm). Most of the currently employed IR camera detectors are
sensitive to MWIR or to LWIR spectral bands.

By deriving and integrating the Planck’s law with respect to λ leads
respectively to two other laws: Wien’s displacement law and Stefan-
Boltzmann’s law.

The Wien’s displacement law states that the wavelength λ∗ at which
the black body emits its maximum emissive power is a function solely of
the black body temperature Tb:

λ∗Tb = 2897.8µmK. (2.11)

According to this law the location of maximum value of Pb moves toward
shorter wavelengths as the body temperature increases.

The integration of the Planck’s law provides a functional dependence
between the emissive power Eb integrated on the whole spectrum of wave-
length and the fourth power of black body temperature:

Eb = βT 4 (2.12)
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where β is the Stefan-Boltzmann’s constant equal to 5.6704·10−8W/m2K4.
Real objects never satisfy the laws described above because they are

often a good approximation of a black body only in a specific spectral
band. Hence, a real object generally emits only a fraction Pr(λ) of the
radiation emitted by a black body Pb(λ) at the same temperature and at
the same wavelength. Equation (2.10) can thus be rewritten as following:

Pr(λ) = ε(λ) K1

λ5 (eK2/λTb − 1) (2.13)

where ε(λ) is the spectral emissivity coefficient defined as ε(λ) =
Pr(λ)/Pb(λ).

2.2.2 Infrared cameras: hardware and performances

The core of the IR technique application is the radiation detector. Such
devices are typically divided into two classes differing one from each other
for the working principle: thermal detectors and photon detectors.

The working principle of the first class is that the incident radiation
changes one of the electrical properties of the detector due to a tem-
perature modification of the detector itself. In the second, the incident
photons directly interact with the electrons of the detector material. In
the detectors belonging to the former class the electrical response is pro-
portional to the absorbed energy, for those belonging to the latter class
the electrical response is dependent to the number of absorbed photons
that interact with the sensor.

Figure 2.9 reports a schematic of the application of IR technique.
The electromagnetic radiation waves originated from a specific scenario
are collected in an IR-transparent objective. The radiation causes the
excitation of pixels of the thermal sensor which is sensible to a selected
IR band. A modern Infrared temperature detector for IR cameras is
formed by a two-dimensional array of sensible elements that is normally
called Focal Plane Array (FPA) detector. The electronic signal generated
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Figure 2.9: Schematic of the working principle of Infrared thermography
technique.

is processed and converted in video output.
As it can be noticed, the main difference with respect to an optical

system is that the material that constitutes the optical components has to
be transparent in the investigated Infrared band. As a matter, most of the
optical lenses, transparent in the visible band, normally appear opaque in
IR bands. Typical optical materials used for general Infrared applications
are: sapphire, calcium fluoride, magnesium fluoride for MWIR, while
germanium and zinc derivatives for MWIR and LWIR bands.

The performance of an Infrared camera is typically evaluated in terms
of four different characteristics: thermal sensitivity, scan speed, sensor
size and dynamic range.

Thermal sensitivity is defined in terms of mean noise equivalent tem-
perature difference (NETD), which is the time standard deviation aver-
aged over all pixels of a black-body scene. Modern FPA are able to detect
temperature differences of less than 20mK.

The scan speed represents the rate at which a frame is updated and
is expressed in terms of frame rate (Hz). Modern FPA systems are able
of hundreds of Hz. Typically the scanning rate can be increased cropping
the sensor or reducing the integration time (IT), which is basically the
duration in µs of sensor exposition to the electromagnetic radiation.

The sensor size (px × px) refers to the number of the sensor pixels.
The last parameter which define the performances of an IR camera is
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the dynamic range which is expressed in terms of the number of digital
intensity levels the thermal image is composed of.
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The three-dimensional flow field of an impinging swirling jet and its ther-
mal footprint on the impingement target are measured by applying To-
mographic Particle Image Velocimetry and Infrared thermography tech-
niques. The experimental tests are carried out in an experimental appara-
tus whose main components will be described in this section. In addition,
details will be given on the experimental working conditions and the pre-
liminary operations needed to carry out an experimental test. A detailed
description of the PIV processing parameters and the thermal calibration
procedure will be given. Then, the last part of this section will focus on
the time settings and the relative positioning of PIV and Infrared frames
with the application of an ad hoc calibration plate.

3.1 Experimental arrangement

A schematic of the experimental apparatus is reported in figure 3.1. The
facility includes two tanks filled with water, used as working fluid. The
small tank, of capacity equal to 25L, is made of stainless steel and it is
filled with hot water (298K), while the big one, of capacity equal to 160L,
is made of transparent polymethyl methacrylate (PMMA) filled with cold
water (293K). The temperatures of the two tanks are measured with
two RTD Sensors Pt100 (Omega P-M-1/10-1/8-6-0-p-6) with accuracy
equal to 1/10 DIN. A swirl generator device (S) is suspended at a fixed
distance H equal to 2D from the impingement plate which is a circular
sapphire window (diameter 150mm, thickness 4mm) sealed on the bottom

51
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of the cold tank. On the dry side of the window, four high-speed PIV
cameras (Ci, i = 1, . . . , 4) and a high-speed IR camera (T1) are vertically
positioned.

The test starts when the geared pump (P) pushes the hot water
through a flow meter (F). The pump UP3-R is driven by a 24V pow-
ered MD10C motor driver controlled by a PWM signal. The hot fluid
finally exhausts in the test tank through the swirling nozzle at a constant
flow rate equal to 0.15m3/h, measured with an accuracy of 10−3m3/h,
and Reynolds number equal to 5100.

P

F

TB

S

C1

C3C2

C4
T1

R

PID

RT
DRT

D

v

Figure 3.1: Scheme of the experimental apparatus. F) Flow meter; P)
Gear type pump; R) Radiator; S) Swirl generator; TB) Thermal Bath; V)
Valve; Two RTD Sensors Pt100 are in orange colour. The optical access
is in magenta colour; Ci) High-speed PIV cameras; T1) High-speed IR
camera.

For the present experiments water is chosen as working fluid. The
choice of ∆T = 5K between the two tanks is justified by the non-linear
behaviour of water density depending on its temperature. Under these
conditions, the hot water issued in the test tank will differ in density of
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0.1% from the the cold water. Hence, buoyancy forces can be neglected.
The temperature in the larger tank is set with a Thermo Neslab

RTE-210 Refrigerated Bath and a radiator vertically positioned. The
smaller tank temperature is set with a self-tuning closed-loop PID con-
troller which controls a submerged heater.

The experimental test procedure requires preliminary operations be-
fore the acquisition phase. First of all, the valve is closed and the two
target temperatures are reached in the two tanks. Then, the pump is set
to work for 90 seconds without triggering the acquisition system. After
such a delay, the simultaneous acquisition is triggered with the pump still
working. This procedure assures to obtain a quasi-steady phenomenon.
Furthermore, in order to avoid any unsteadiness caused by thermalisation
of the path from the hot tank to the nozzle, the entire path is coated with
neoprene rubber.

The core of the experimental apparatus is the swirl generator device.
This consists of three components (figure 3.2):

(a) (inlet) a reinforced flat plate equipped with evenly spaced eight
holes and a hose connector attached to;

(b) a disk provided with evenly spaced vanes: this is the component
which actually generates the swirling motion;

(c) (outlet) the housing of the swirl generator which acts also as a
nozzle.

The whole device is 3D-printed with standard resin which appears as a
translucent material with a yellowish colour. It is obtained by liquid resin
hardened by a laser which makes it insoluble.

The component committed to welcome the flow is characterised by
four spacers which keep in position the swirl generator. The cross-wise
section enlargement causes a rapid slow down of the flow, the impact
promotes turbulence and facilitates the flow to forget all asymmetries or
upstream disturbances.
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Figure 3.2: Main components of the swirl generator: a) inlet; b) swirl
generator; c) nozzle outlet.

The swirl generator is specifically designed in order not to vary the
cross-wise section given by the inlet. In other words, the inlet and the
outlet areas are equal to the sum of all the side passing-through sections
provided by the swirl generator (figure 3.2b). The four holes on the swirl
generator’s vanes’ side (figure 3.3b) act as positioning references on the
housing in order to locate the swirl generator always in the same position
with respect to the outlet. This last component acts like a nozzle whose
diameter is equal to 10mm. Between the inlet and the outlet components,
an O-Ring is employed to avoid leakage.

The design parameter suitable to be varied to obtain different swirling
ratio is the ϑ angle (figure 3.3b). Hence, nine swirl generators are designed
varying the vane angles from 0 to 20deg with a step of 2.5deg.

In the present experimental apparatus, the illumination volume is pro-
vided by a high-frequency solid-state diode-pumped LDY303 Nd:YLF
laser (2 × 20mJ). The laser beam is expanded in order to illuminate a
volume which is 0.8D high along the nozzle-to-wall direction and up to 8D
along the perpendicular to the nozzle-to-wall direction. The light scat-
tered by the neutrally buoyant LaVision Polyamide High Quality particles
(60µm of diameter) is recorded by a tomographic system composed of four
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Figure 3.3: Technical drawings of the swirl device: a) assembly of the
swirl generator; b) details of the swirl generator.

Speed Sense M110 CMOS cameras (sensor dimensions 1280× 800 pixels,
pixel size 20µm) arranged vertically below the hot tank in a cross-like
configuration. Optics are mounted on cameras through by in-house de-
signed 3D-printed Scheimpflug. Tokina AT-X M100 PRO D objectives of
100mm focal length are used and set with a numerical aperture f# = 32.
The resulting field of view is 5.1D × 3D × 0.7D with a digital resolution
of 22.5 pixels/mm.

A CEDIP JADE III (Mid Wave) IR camera working in the 3 − 5µm
band is employed to measure the temperature through the window with
a spatial resolution of 2.16 pixels/mm. The camera is positioned perpen-
dicularly to the window with an accuracy of 0.1deg. The camera sensor
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Figure 3.4: a) Absorption spectrum of liquid water (Prahl, 2018); b)
Reflectance of anti-reflective coating of the sapphire window (blue solid
line); Transmittance of the uncoated sapphire window (black solid line)
(Thorlabs, 2018). Nd:YLF laser wavelength range highlighted in green,
MWIR range highlighted in red.

has a nominal dimension of 320×240 pixels with a pixel size of 30µm and
a temperature sensitivity of 25mK. For the current application the sensor
is cropped to 160× 120 pixels to achieve a higher sampling frequency of
400Hz. The resulting field of view is 7.3D × 5.5D and the integration
time (IT) is set to 1100µs.

The developed setup is based on the property of water to absorb radi-
ation at sub-millimetre scale while it is perfectly transparent in the laser
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wavelength range (respectively red and green ranges in figure 3.4a).
The dependence of the absorption coefficient of water on the radia-

tion wavelength suggests that the depths of investigation of velocity and
of temperature measurement techniques are significantly different. The
velocity measurement is performed in a rectangular volume closely located
to the impingement wall. On the other hand, the thermal measurement
has to be intended as the integration of the electromagnetic radiation
emitted from the layer of fluid in contact with the optical window having
thickness of the order of the inverse of the absorption coefficient of water
in the IR wavelength range (figure 3.5).

IR camera

electromagnetic
radiation

depth of measurement

IR transparent
window

boundary
liquid layer{

Figure 3.5: Not-in-scale sketch of the depth of investigation of thermal
fluctuations in a water facility through a IR transparent window (Zna-
menskaya et al., 2016a).

The radiation emitted by such a thin layer is measured by the high-
speed IR camera. Thus, an IR transparent optical window is needed.
The most appropriate IR transparent material for water submerged ap-
plications is sapphire. Sapphire optical windows are suitable for water
applications because they are not soluble. In addition, such windows are
suitable for a large range of wavelengths (UV, visible, and IR wavelengths)
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with high transmission coefficients (figure 3.4b).
An anti-reflective coating is applied on the dry side of the window. In

particular the coating has close to zero reflectance for wavelength included
in the Nd:YLF laser range (around 527nm) and in the Mid-Wave Infrared
range (3-5µm).

Indeed, exploiting the dependence of water absorption coefficient on
the radiation wavelength, the setup described above allows to relate the
non-isothermal turbulent fluctuations to the thin thermal boundary layer
adjacent to the sapphire window (Bolshukhin et al., 2015; Bolshukhin et
al., 2014; Znamenskaya et al., 2016b).

3.2 Data processing

The images acquired with the two applied techniques require a specific
processing to be suitable for the image post-processing. In the follow-
ing, the PIV process parameters and the correction procedure applied to
thermal images are described in detail.

Particle Image Velocimetry process

A three-dimensional mapping function from image-space to physical
object-space is generated by imaging a calibration target. The initial
experimental errors due to system calibration are estimated at approxi-
mately 0.5 pixels by the disparity vector field. The misalignment is re-
duced to less than 0.05 pixels making use of the self-calibration technique
(Wieneke, 2008). The raw images, characterised by a uniform ppp = 0.01,
are pre-processed with subtraction of the minimum intensity at each pixel
for the entire sequence, followed by subtraction of the local minimum over
a kernel of 7×7 pixels and application of a Gaussian filter with σG = 0.5.

The time-resolved motion analysis employs the most recent algorithms
for particle motion tracking and consists of two steps. First, the volumet-
ric light intensity reconstruction of a small set of snapshots is performed.
The reconstruction procedure includes the application in sequence of
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multiple iterations of diffusive simultaneous multiplicative algebraic re-
construction technique (SMART) (Atkinson and Soria, 2009) and dif-
fusive camera-simultaneous multiplicative algebraic reconstruction tech-
nique (C-SMART) algorithms through a time-marching SMTE (Lynch
and Scarano, 2015) algorithm. This provides a velocity predictor for the
next step. The three-dimensional particle field motion is computed by
volume deformation iterative multi-grid technique (Discetti and Astarita,
2010; Discetti and Astarita, 2012) with an interrogation box size decreas-
ing from 96× 96× 96 to a final box size of 64× 64× 64 voxels, including
on average, 12 particles. The size of the final interrogation boxes enables
a spatial resolution of 0.297D× 0.297D× 0.297D. In order to increase of
the spatial sampling, an overlap factor of 75% between adjacent interro-
gation boxes is chosen, leading to a vector pitch of 0.074D. The volume
under investigation of approximately 5.1D×3D×0.7D is discretized with
535 × 960 × 190 voxels applying a pixel to voxel ratio of 1. The use of
4-camera tomographic system enables 3D object reconstructions with a
reconstruction quality Qf above 0.85 (Elsinga et al., 2006). The second
step of the image processing procedure includes the application of the
‘Shake-the-Box’ method (Schanz et al., 2016) for particle tracking. Then,
the particle triangulation is performed by the image matching procedure
provided by the IPR technique (Wieneke, 2012). As it can be noticed, the
methodology presented is an hybrid between the classic T-PIV tools and
the time-resolved Particle Tracking Velocimetry (4D-PTV) approaches.
Because of the significant saving of time provided by the latter technique,
most of the images are processed with this last approach.

The output of the above process consists of the particle tracks. The
interpolation of particle velocities is performed by a least-squares polyno-
mial fitting of local data on a structured Cartesian grid. Hence, for each
point of the grid, the particles included in a fixed search radius are iden-
tified and the velocities used to define a local polynomial fitting function
which is then evaluated at the location of the grid point. In order to re-
duce the detrimental effects of the ghost particles on the estimation of the
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velocity field, only particles with trajectories longer than a fixed number
of instants are used in the above procedure. For the present experiments,
the search radius is set to 48 voxels (about 2mm), a second-order poly-
nomial fitting function is employed and only particles with trajectories
longer than 5 time instants are used to estimate the velocity.

Thermal data correction

In order to correctly remove the camera reflection from the Infrared snap-
shots, called Narcisus effect, a thermal calibration procedure is needed.
Background images of the field of view are acquired setting the thermal
bath at two water temperatures (293K and 298K) and for five camera
temperatures (from 309K to 313K, proceeding with 1K steps). By the
application of a linear regression procedure over the five points associated
to each pixel of the thermal image, two interpolated background images
at each test camera temperature are estimated. A linear correction is
operated thus providing the instantaneous absolute temperature map:

Tcal = Tnot cal − TC
TH − TC

·∆T + TC (3.1)

In equation (3.1) , Tcal is the resulting temperature map from the linear
background correction, Tnot cal is the temperature map before the applica-
tion of the linear background correction, TC and TH are the background
images respectively at lower and higher temperature in the selected range,
∆T is temperature difference between the boundaries of the selected range
of temperature (i.e. TH − TC).

3.3 Time settings and PIV-IR frames spa-
tial correspondence

In order to estimate the unsteady spatial correlation between the two
measured quantities, their simultaneous acquisition is needed. Moreover,
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it is of fundamental importance to know the relative position of the PIV
volume over the thermal frame. Hence, in the following the synchronisa-
tion settings and the design of a custom target visible in visible and IR
range will be described.

3.3.1 Synchronisation settings

The thermal camera, the high speed PIV cameras and the laser share a
common trigger provided by a BNC-575 signal generator.

The exact timings and delays are reported in figure 3.6:

• t1 = a1 + a2 + a3 = 386.9µs where

◦ a1 = 6.5µs corresponds to the delay between the trigger signal
and the laser light emission;

◦ a2 = 75µs corresponds to delay needed to center the integration
time of the thermal camera (IT = 1100µs) between the two
laser pulses separated by dt = 1250µs;

Thermal
camera

Pump

Laser

High-speed
PIV cameras

90s
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tT0

Figure 3.6: Schematic of the time settings adopted for the PIV and the
IR acquisition sub-systems.
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◦ a3 = 305.4µs is the delay between the camera shutter opening
and the laser pulse;

• t2 = 37.5s corresponds to the warm-up of the thermal camera;

• t3 = 1s corresponds to the laser warm-up;

• t4 = 5s is the duration of the simultaneous acquisition.

The simultaneous acquisition through by the two acquisition systems
is carried out at two different frequencies. The PIV subsystem acquires
4000 images at fP = 800Hz in single frame exposure. The thermal sub-
system acquires 48 000 images at fT = 400Hz.

3.3.2 Relative positioning

Since the resolutions of the velocity and the thermographic frames are
much different one from each other, this involves two different fields of
view (figure 3.7) which need to be correctly overlapped with high accu-
racy. The relative positioning is obtained through the use of an ad-hoc
calibration plate (figure 3.8). The calibration target is a PMMA disk

Figure 3.7: Projection of the PIV frame (in green) and of the thermal
frame (in red) over the circular sapphire window (in grey). The dashed
circle is the projection of the nozzle diameter on the sapphire window.
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of 5mm of thickness and 70mm in diameter. Five holes with variable
diameter along the depth are located in specific locations.

The drilled disk is sealed from both sides with an adhesive film. From
the narrower holes side the film is printed with the same 5-dots pattern,
from the other side is not. These five dots are visible from PIV cameras,
while, in order to obtain these points also in the IR camera frame, the
air inside the holes is heated by a heat gun from the opposite side of
the sapphire window. In this way, these dots can be also observed by
the IR camera. The target is placed on the sapphire window. Then,
once acquired the target pattern with the two acquisition systems, the
coordinates of such points now obtained in both frames are determined
in the object-space reference system with a minimisation technique.
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Figure 3.8: Technical drawings of the target plate adopted to obtain the
relative positioning of the PIV and the thermal frames.
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3.4 Test matrix and reference coordinate
systems adopted

In the next chapter two main analyses are performed with the same oper-
ating conditions: volumetric flow rate equal to 0.15m3/h, Reynolds num-
ber Re = 5100.

First, the flow field of a free isothermal swirling jet is discussed. For
each of the swirl generators designed, 4000 images at frequency of 800Hz
in single frame mode are acquired.

A laevorotatory coordinate system is employed in such analyses. It has
the origin located on the nozzle exit and the x axis, directed downward,
is aligned with the nozzle axis. The investigation volume extends among
the following boundaries:

{
xN × yN × zN

}
/D3 =

=
{[
xNLB, x

N
HB

]
×
[
yNLB, y

N
HB

]
×
[
zNLB, z

N
HB

]}
/D3

∈ {[0.12, 0.75]× [−1, 1]× [−1, 1]}

according to the reference system reported in figure 3.9. Such a volume
is chosen in order to be able to evaluate the swirl numbers and the mean
flow field characteristics of the investigated devices.

x/D

r/D
D

Figure 3.9: Reference coordinate system adopted and relative positioning
of the laser volume (in green) for the free flow field investigations.

In the second part of the next chapter, the investigation of the temper-
ature and of the velocity fields of an hot impinging swirling jet suspended
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at H/D = 2 from a flat wall is performed for five swirl numbers. For
each of the investigated swirl ratios, the PIV acquisition frequency is set
to 800Hz in single frame mode and the thermal acquisition frequency
is set to 400Hz acquiring respectively 4000 and 48000 images for each
experimental test.

The laevorotatory coordinate system adopted in such analyses has the
origin located on the impingement wall and the x axis, aligned with the
nozzle axis, is directed from the wall to the nozzle (figure 3.10). The
measurement boundaries extracted from the illuminated volume are the
following:

{
xW × yW × zW

}
/D3 =

=
{[
xWLB, x

W
HB

]
×
[
yWLB, y

W
HB

]
×
[
zWLB, z

W
HB

]}
/D3

∈ {[0.02, 0.73]× [−0.71, 4.18]× [−2.19, 0.44]} .

sapphire windowsapphire window
Tomo-PIV volumeTomo-PIV volume

x/D

r/D

H/D

D

Figure 3.10: Reference coordinate system adopted and relative position-
ing of the nozzle and of the laser volume (in green) over the sapphire
window (in magenta) for the impinging experimental tests.

The investigation volume presented above is chosen in order to be able
to evaluate the flow field characteristics in proximity of the wall simul-
taneously to the wall temperature behaviour caused by the impinging of
the hot swirling jet.
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3.5 Estimation of the swirl number

The swirl number is a non-dimensional quantity defined as the ratio be-
tween the axial flux of the azimuthal momentum Gθ and the axial flux of
the axial momentum Gx multiplied by the equivalent nozzle radius D/2
(Gupta et al., 1984). As a matter, there exist many definitions of the swirl
number depending on the difficulty in measuring the quantities involved
and depending on the assumptions available regarding the specific flow
field (Toh et al., 2010).

In order to evaluate the swirl number, the investigation volume is that
reported in figure 3.9. In the present work, the most general expression
to evaluate the swirl number will be applied:

S =
2πρ

∫D/2
0 r2

(
UW + u′w′

)
dr

2πρ
{∫D/2

0 r
[
U2 − 1

2W
2 + u′2 − 1

2

(
w′2 + v′2

)]
dr
}
·D/2

(3.2)

where the capital letter are the time-averaged quantities while the small
ones with the apex indicate the velocity fluctuations (u , U + u′). Ad-
ditional details about the swirl number definition are reported in ap-
pendix A.
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In the present chapter the main results will be presented. If not differently
declared, the coordinate system will be a cylindrical polar coordinate sys-
tem. Hence, the velocity components in (x, r, θ) will be named (u, v, w)
with the first direction aligned with the nozzle direction.

The chapter is organised as follows. The first section focuses on the
flow field in proximity of the nozzle. The time-averaged profiles are dis-
cussed for each one of the designed swirl generators. The circulation
distributions are also presented. Then, five swirl numbers are selected
(S = 0, 0.23, 0.43, 0.61, 0.74) and the related three-dimensional instanta-
neous patterns are described. Among them, S = 0.61 is selected to apply
Proper Orthogonal Decomposition technique (Berkooz et al., 1993) to
identify the main features of a swirling jet (Lumley, 1967).

The second section focuses on the flow field of a swirling hot jet im-
pinging on a flat wall. In the first part, the time-averaged velocity and
temperature profiles are discussed. The second part focuses on the instan-
taneous thermal and velocity fields. Then, the time sequences of temper-
ature fluctuations are presented for three distances from the impingement
centre. The maps are discussed and the mixing performances are com-
pared. In order to estimate the time-averaged radial velocity profiles at
the wall, the thermal fluctuation snapshots are processed with a cross-
correlation algorithm. The instantaneous characterisation of the two mea-
sured quantities is completed with the description of three-dimensional
velocity snapshots overlapped to the corresponding thermal fluctuation
maps. In the third part POD technique is applied to both quantities.

67
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Last section is focused on the discussion of the relationship between
velocity and temperature fluctuation distributions. The first analysis pre-
sented is the Extended POD modal decomposition technique. Then, the
time-averaged correlation between the last slice of velocity domain and
temperature footprint is investigated.

4.1 Flow field of a free swirling jet

The experimental measurements in proximity of the nozzle are acquired
with the swirl generator positioned far from the wall and the laser volume
located in proximity of the nozzle according to the schematic reported
in figure 3.9. No temperature difference is set between the jet and the
ambient.

In the following, in order to distinguish the different swirl generators,
all results will be referred to the swirl number instead of the vane an-
gle. The correspondence between the designed vane angle and the swirl
number generated is reported in table 4.1. The evaluation of S is strictly
dependent to the radial velocity profiles presented in the following.

Vane angle [deg] Swirl number [-]
2.5 0.08
5.5 0.18
7.5 0.23
10.0 0.31
12.5 0.43
15.0 0.51
17.5 0.61
20.0 0.74

Table 4.1: Correspondence between the designed vane angle and the swirl
number estimated with equation (3.2).
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4.1.1 Radial distributions and swirl number estima-
tion

In figure 4.1 the radial velocity distributions of all swirl generators at
distance x/D = 0.12 from the nozzle exit are reported. The bulk velocity
U0, obtained from the flow rate and the nozzle diameter, is assumed as
reference velocity.
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Figure 4.1: Radial velocity distributions of a free submerged swirling jet
(x/D = 0.12). Legend reports the swirl numbers.
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The radial profiles of the axial velocity component provide several
significant information. The no swirling case has a smooth top hat shape.
The maximum of velocity is reached in the range 0 < r/D < 0.3. For
radial distance larger than r/D = 0.3 the axial velocity component rapidly
drops reaching the zero value at r/D = 0.7. It is worth noting that the
no swirling jet does not expand much once emerged from the nozzle. The
distribution of V is approximately flat and close zero from the origin to
r/D = 0.4. Then, the radial velocity component experiences a slight
decrease in value from r/D = 0.4 to r/D = 0.65 reaching the minimum
value of V/U0 = −0.025. After such a minimum, the distribution of V
shows a weak increasing trend.

The introduction of a non-zero vane angle in the swirl generator pro-
vides a swirl number equal to 0.08. The azimuthal component of velocity
vector is noticeable and the maximum value, equal to 0.15U0, is located
at r/D = 0.25. A less predictable consequence of the rotation is the de-
creasing of the axial velocity along the jet axis from 1.2U0 to 1.15U0. This
affects the whole velocity profile to satisfy the mass conservation. As a
matter, the velocity distribution slightly widens.

With the increase of the swirl number, each component of the velocity
vector is affected in a different manner:

• the axial velocity profiles experience a decrease along the jet axis
(r/D = 0) and, as a consequence, the distributions widen. For
the largest swirl number the axial velocity is close to experience a
reverse flow;

• the radial component of velocity rapidly increases after that the
swirl number has overcome the value S = 0.43. This results in
a fast widening of the cross-wise jet section which affects also the
axial component of velocity vector distribution;

• simultaneously with the increasing of the azimuthal velocity compo-
nent the maximum of velocity moves from r/D = 0.15 to r/D = 0.3.
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In figure 4.2 the radial distributions of the Reynolds stresses are re-
ported. The distributions related to the no-swirl case are flat and close
to zero value except for u′2 which experiences a significant increase at
r/D = 0.45. This can be ascribed to the shear layer.

A slight increase of the swirl number (0.08 < S < 0.18) affects u′2, v′2

and w′2 in proximity of the jet axis. The second-order moments u′v′ and
v′w′ are not influenced by the introduction of tangential motion, while
the last one, u′w′, is dominated by the u′ contribution presenting a slight
decrease in correspondence of the nozzle.

Increasing the swirl number, all the Reynolds stresses are affected and
experience a profile broadening and the increasing of their absolute values.

For swirl numbers greater than S = 0.43, the u′2 experiences a second
local maximum located at r/D = 0.15. With the increasing of the swirl
number, the maximum location moves away from the origin and oscil-
lates between r/D = 0.1 and r/D = 0.2. The same behaviour can be
recognised in v′2 and w′2 radial distributions but with less evidence with
respect to the u′2 case.

The mixed second-order moments have a more complex behaviour. In
particular, the u′v′ distribution is characterised by a minimum located at
r/D = 0.2 which increases in absolute value with the increasing of the
swirl number. A local maximum located at r/D = 0.5 is also present but
it is less evident.

The v′w′ distribution is characterised by the presence of a minimum
and a maximum. They are respectively located at r/D = 0.3 and r/D =
0.5. The former can be ascribed to the drag of the external quiescent flow
field. The latter is due to the forced swirling motion imposed by the jet.

The last mixed second-order distribution u′w′ takes some from u′v′

and v′w′ behaviours but with some differences. A maximum located
at r/D = 0.5 is present. A significant difference with the other mixed
second-order moments is the strongly dependent behaviour on swirl num-
ber, in particular for swirl ratios greater than S > 0.23. As a matter,
a second maximum appears at r/D = 0.1 while the local minimum de-
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Figure 4.2: Radial distributions of Reynolds stresses for a free submerged
swirling jet (x/D = 0.12). Legend reports the swirl numbers.

creases in value and moves from r/D = 0.2 to r/D = 0.45.

Particularly interesting is the radial distribution of circulation Γ esti-
mated from the time-averaged velocity components (figure 4.3). Such a
quantity is calculated according to the following expression:

Γ(r) =
∮ 2π

0
Wrdθ (4.1)
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Figure 4.2 (Cont.): Radial distributions of Reynolds stresses for a free
submerged swirling jet (x/D = 0.12). Legend reports the swirl numbers.

where W is the time-averaged tangential velocity component, r is the ra-
dial coordinate, θ is the azimuthal coordinate used as integration variable
and the integral is evaluated for several closed circles of radius included in
the range 0 < r < D. Two trends appear noticeable with the increasing
of the swirl number: the increasing of the circulation maximum value and
the displacement of the maximum location. The first result is not sur-
prising: the circulation increases as much as the tangential component of
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the flow field increases. The second result suggests that the swirl number
affects also the location of the maximum of circulation. As a matter, the
maximum value of circulation is found to range between 0.35D and 0.4D
with the increasing of the swirl number in accordance with H. Liang and
Maxworthy (2005).
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Figure 4.3: Radial distributions of normalised time-averaged circulation
at x = 0.12D.

4.1.2 Three-dimensional instantaneous flow field

The results presented above suggest a clear trend. Hence, five swirl
numbers are selected (S = 0, 0.23, 0.43, 0.61, 0.74) to describe the three-
dimensional instantaneous free flow field of a swirling jet in proximity of
the nozzle. In the following, each row of the reported figures provides two
different visualisations of the same snapshot.

The first case we will focus on is the no-swirl case (figure 4.4). The
internal nozzle diameter is marked in red. In figure 4.4a two isosurfaces
are reported: the grey one is related to u/U0 = 1, the contoured one
is obtained by the application of Q-criterion (Hunt et al., 1988) with
threshold set to Q = 0.15. The contour colour refers to the normalised
radial velocity component.

The grey isosurface gradually widens. This suggests that the spreading
of the jet is noticeable since the first steps out of the nozzle. The annular-
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Figure 4.4: Three-dimensional visualisation of the instantaneous flow field
in proximity of the nozzle for S = 0. a) In translucent grey colour it is
represented the isosurface of axial velocity u/U0 = 1. The contoured
isosurface corresponds to Q = 0.15. The colorbar is related to v/U0.
b) Green and grey isosurfaces correspond respectively to Q = 0.15 and
u/U0 = 1. The slice located in correspondence of the z/D = 0 plane is
filled with in-plane black streamlines and the background is contoured
with v/U0.

shaped vortex is a typical pattern recognisable in the flow field emerging
from a free round jet. It is located between the core flow and the resting
ambient flow thus spotting the shear layer instabilities which commonly
generates during the emerging of the jet from the nozzle.

The contoured slice reported in figure 4.4b gives additional informa-
tion about the snapshot presented in figure 4.4a. The flow field is dis-
sected along the z/D = 0 plane and the resulting slice is contoured with
the radial component of velocity and the corresponding in-plane stream-
lines. As it can be noticed, the radial velocity component distribution
reported is not axisymmetric, neither at stations close to the nozzle nor
at the opposite boundary of the investigation volume. Despite of that, the
streamlines are not noticeably affected, suggesting that such an unsteady
anisotropy is not strong enough to significantly deflect the main flow. On
the other hand, the streamlines and the contour related to regions lo-
cated out of the nozzle diameter provide an evidence of the entrainment
phenomenon which drags the resting ambient fluid towards to the jet axis.

The superimposition of tangential motion to a conventional free round
jet introduces several different patterns and dynamics. In figure 4.5 the in-
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stantaneous flow field of a swirling jet (S = 0.23) is reported. Figure 4.5a
reports the Q isosurfaces which are contoured with the radial component
of velocity. The farthest plane from the nozzle (x = xNHB) is marked in
translucent grey colour. The vector field reported refers to the velocity
components parallel to that plane (V ‖ = v + w). The contour colour
refers to vectors magnitude. For the sake of colour contrast, the colorbar
related to the vector field and to the isosurfaces’ contour included in the
same sub-figure reports different ranges for the two quantities reported.

In figure 4.5b the same Q-isosurface of figure 4.5a but in green colour
and a grey isosurface representative of u/U0 = 1 are reported. Additional
information is reported on the slice which dissects the flow field along
the plane z/D = 0. The slice is filled with the in-plane black stream-
lines and the background is contoured with the azimuthal component of
velocity. In addition, ten magenta streamlines equally distributed over a
circumference of radius equal to 0.1D depart from x = xNLB.

Figure 4.5a shows a spiral vortical structure and a cylindrical vortex
core. The distribution of radial velocity component is not uniform in
the reported snapshot. As a matter, the radial velocity is positive in
proximity of the vortex core. This occurrence results in the displacement
and in the bending of the vortex core from the jet axis. The vector field
reported shows a high in-plane velocity spot displaced from the jet axis.

Figure 4.5b confirms such a conclusion. As a consequence, the stream-
lines are clearly disturbed since x = xNLB. That disturbance affects the
whole vortex core which is not perfectly aligned to the jet axis showing
a slight distortion. The contour on the slice shows that the azimuthal
velocity component is not axisymmetric.

The passage from a low (S = 0.23) to a moderate (S = 0.43) swirl
number emphasises some of the patterns previously described. By now,
the grey isosurfaces on the left sided images are related to v/U0 = 0.1.
The grey isosurfaces on the right sided images are, where present, repre-
sentative of a negative axial velocity component (u/U0 = −0.1).

In figure 4.6a a thick spiral vortical structure which turns around a
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Figure 4.5: Three-dimensional visualisation of the instantaneous flow field
in proximity of the nozzle for S = 0.23. a) The isosurface corresponds to
Q = 0.1 and it is contoured with v/U0. The vector field located on the
plane x = xNHB is contoured with V‖/U0. The colorbar is shared between
v/U0 and V‖/U0 with different ranges. b) Green and grey isosurfaces
correspond respectively to Q = 0.1 and u/U0 = 1. The slice located
in correspondence of the z/D = 0 plane is filled with in-plane black
streamlines and the background is contoured with w/U0. Ten magenta
streamlines, equally distributed over a circumference of radius equal to
0.1D, depart from x = xNLB.

central vortex is reported. Such a structure is coupled with a region of
positive radial velocity component. Not surprisingly, the pitch of the helix
is greater than the previous discussed swirl number. As it can be noticed
from the mostly blue contour colour, the major difference with respect
to the previous case is the entrainment enhancement. It is noticeable
the effect of the precessing vortex on the vortex core which is starting to
deflect with respect to the jet axis.

Additional information can be deduced from figure 4.6b. The z = 0
plane dissects simultaneously the vortex core and the outer spiral vortex.
As shown in figure 4.6a, the vortex core is slightly bent toward the positive
y direction. In addition, the increasing of cross sectional area of the
coloured streamlines envelope suggests that there is a smooth spreading
of the jet. The asymmetry caused by the vortex core causes an imbalance
of the azimuthal component of velocity which is higher in absolute value
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Figure 4.6: Three-dimensional visualisation of the instantaneous flow field
in proximity of the nozzle for S = 0.43. a) The coloured isosurface cor-
responds to Q = 0.1 and it is contoured with v/U0. The vector field
located on the plane x = xNHB is contoured with V‖/U0. The colorbar is
shared between v/U0 and V‖/U0 with different ranges. Grey isosurface
corresponds to v/U0 = 0.1. b) Green isosurface corresponds to Q = 0.1.
The slice located in correspondence of the z/D = 0 plane is filled with in-
plane black streamlines and the background is contoured with w/U0. Ten
magenta streamlines, equally distributed over a circumference of radius
equal to 0.1D, depart from x = xNLB.

on positive y direction.
Figure 4.7 reports four significant instantaneous snapshots related to

S = 0.61. They show how a moderate swirl number can completely
change the organisation of the flow field in proximity of the nozzle. Fig-
ure 4.7a and figure 4.7b report the occurrence of an evident spiral vortex
located around a thick vortex core. The radial component of velocity is
not uniformly distributed. As a matter, a positive radial velocity isosur-
face is coupled with the spiral. In addition, a negative spot of v is located
on the upper part of the central vortex. In this frame the red spot on
the vector field at x = xNHB shows a clear displacement from the jet axis.
This coincides with the maximum of in-plane vorticity which experiences
a precessing motion around the vortex core at a distance of 0.08D from
the nozzle axis.

Figure 4.7b gives additional information about the self-organisation
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of the flow field. The vortex core is noticeably inclined towards the y
positive direction and experiences a slight spreading. Despite of that, the
axis of the truncated cone shaped envelope of coloured streamlines is still
included in the z = 0 plane. The streamlines have a constant pitch and
do not experience abrupt disturbances.

Figure 4.7c report a highly varying radial velocity component distri-
bution over the vortical structures. As it can be noticed there are two
critical spots located along the vortex core at the two extremes of domain
extension along x direction. The positive value of radial velocity compo-
nent is concentrated in proximity of the nozzle while the negative one is
located on the upper part of the vortex core. Such a pattern suggests the
presence of a precessing spiral motion around the jet axis. The envelope
of the coloured streamlines in figure 4.7d tends to follow a spiral path
bending along the positive z direction.

Figure 4.7e and figure 4.7f are representative of how much the general
flow organisation can change in case of incoming recirculation phenomena.
The Q isosurface reported in figure 4.7e is characterised by a double spiral
structure. The external one is the usual spiral structure present also in
the previous frames (figure 4.7a and figure 4.7c). The internal one can be
ascribed to the precessing vortex core (PVC) (Cala et al., 2006). Hence,
the previously straight vortex core is, in this case, completely distorted.
The positive radial velocity component isosurface can be thus associated
as coupled with both spiral structures and remarks the boundary between
them. The rest of the flow field is characterised by negative v component
resulting in a significantly enhanced entrainment effect.

The slice reported figure 4.7f gives additional information on the or-
ganisation of the mutual interaction between the two vortical structures.
The black streamlines clearly spot the spiral vortex cut at the two bound-
aries along the x direction of the investigation volume. Approaching to
the vortex core the streamlines curve smoothly. Particularly interesting is
what happens within the region included in a cylinder centred on the noz-
zle axis and of radius equal to 0.25D. The coloured streamlines appears
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Figure 4.7: Instantaneous measurements of the flow field in proximity of
the nozzle for S = 0.61. a,c) The coloured isosurface corresponds to Q =
0.1 and it is contoured with v/U0. The vector field located on the plane
x = xNHB is contoured with V‖/U0. The colorbar is shared between v/U0
and V‖/U0 with different ranges. Grey isosurface corresponds to v/U0 =
0.1. b,d) Green and grey isosurfaces correspond to Q = 0.1 and u/U0 =
−0.1 respectively. The slice located in correspondence of the z/D =
0 plane is filled with in-plane black streamlines and the background is
contoured with w/U0. Ten magenta streamlines, equally distributed over
a circumference of radius equal to 0.1D, depart from x = xNLB.

to follow the internal spiral vortex.
Figure 4.7g and figure 4.7h show the flow organisation in case of a

significant recirculation region. The overall organisation of the flow field
shown in figure 4.7g does not appear particularly different from other
scenarios discussed: an outer spiral vortex embraces the central vortex
core.

Figure 4.7h gives information about what it is happening inside of the
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Figure 4.7 (Cont.): Instantaneous measurements of the flow field in prox-
imity of the nozzle for S = 0.61. e,g) The coloured isosurface corre-
sponds to Q = 0.1 and it is contoured with v/U0. The vector field lo-
cated on the plane x = xNHB is contoured with V‖/U0. The colorbar is
shared between v/U0 and V‖/U0 with different ranges. Grey isosurface
corresponds to v/U0 = 0.1. f,h) Green and grey isosurfaces correspond
to Q = 0.1 and u/U0 = −0.1 respectively. The slice located in corre-
spondence of the z/D = 0 plane is filled with in-plane black streamlines
and the background is contoured with w/U0. Ten magenta streamlines,
equally distributed over a circumference of radius equal to 0.1D, depart
from x = xNLB.

vortex core. The grey isosurface reported refers to a region with nega-
tive axial velocity component equal to u/U0 = −0.1. The recirculation
region acts as support for the whole vortical central structure. It has
a truncated cone shape which penetrates the whole central core region.
The occurrence of such a phenomenon completely changes the usual in-
ternal streamline distribution. The black streamlines behave differently
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depending if they are located outside or inside the nozzle extension. In
the outside region they are affected by the presence of the outer spiral vor-
tical structure and their curvature smoothly change approaching to the
core. Within the core, the recirculation occurrence completely distorts
the streamlines which clearly show two sharp bends. In the region inter-
ested by the recirculation, the coloured streamlines give three-dimensional
information about the organisation of the flow field.

The last investigated flow field is related to swirl number equal to
S = 0.74 (figure 4.8). All frames report a recirculation zone each time of
different size. In the first row of images (figure 4.8a and figure 4.8b) the
outer spiral vortex appears to couple with the vortex core starting to dis-
tort it on the upper part. The explanation of such a deformation can be
deduced by the dissection of the vortex core reported in figure 4.8b where
a small recirculation zone is visible. Hence, the occurrence of a recircula-
tion phenomenon which affects a small region of the domain triggers the
precessing vortex core formation. The azimuthal velocity component dis-
tribution loses axisymmetry in proximity of the recirculation zone where
the w velocity component decreases. In this case, the maximum of the
in-plane velocity V‖ on the grey plane on the left sided figure is located
at 0.1D further away from the jet axis.

The second row of images (figure 4.8c and figure 4.8d) reports the
occurrence of a larger recirculation region. In this case the external spiral
vortical structure is characterised by an extremely varied distribution of
the radial velocity component. The highest value of v is reached on the
upper part, internal side of the vortex core, thus suggesting the presence
of the PVC. A detailed description of such a phenomenon is reported in
figure 4.8d. The black streamlines are issued by the spiral vortex. The
streamlines located between the vortex core and the outer region show
smooth curvature gradually adapting to the internal flow. The coloured
streamlines wrap as usual around the jet axis until x/D = 0.3. After that
station the recirculation region starts to influence the flow field spreading
the streamlines path and distorting the regular helical pattern because
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Figure 4.8: Instantaneous measurements of the flow field in proximity of
the nozzle for S = 0.74. a,c,e) The coloured isosurface corresponds to Q =
0.1 and it is contoured with v/U0. The vector field located on the plane
x = xNHB is contoured with V‖/U0. The colorbar is shared between v/U0
and V‖/U0 with different ranges. Grey isosurface corresponds to v/U0 =
0.1. b,d,f) Green and grey isosurfaces correspond to Q = 0.1 and u/U0 =
−0.1 respectively. The slice located in correspondence of the z/D =
0 plane is filled with in-plane black streamlines and the background is
contoured with w/U0. Ten magenta streamlines, equally distributed over
a circumference of radius equal to 0.1D, depart from x = xNLB.

of the reverse flow. The azimuthal velocity component distribution is
asymmetric.

The last couple of images (figure 4.8e and figure 4.8f) clearly shows two
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vortical structures: the precessing vortex core and the outer secondary
vortex. These two counter-winding co-rotating helices turn around the
jet axis. The dissection of the snapshot (figure 4.8f) shows a significant
recirculation region which penetrates the flow upstream to the nozzle.

4.1.3 Proper Orthogonal Decomposition analysis

The unsteady three-dimensional dynamics discussed above shows different
vortical patterns for S = 0 and S 6= 0. A modal decomposition technique
like POD (Berkooz et al., 1993) is suitable to identify the main features
of the two flow fields (Lumley, 1967).

A no swirling jet is characterised by annular vortical structures which
are clearly distinguishable farther than 2D from the nozzle (Violato and
Scarano, 2011). Hence, the investigation volume extension along x direc-
tion is not sufficient to properly resolve such vortical structures. Hence,
the application of Proper Orthogonal Decomposition for the no swirling
case is ineffective. On the other hand, the typical structures of a swirling
jet are noticeable since from the nozzle exit. Hence, chosen the swirl
number S = 0.61, the three-dimensional main features of a free swirling
jet are discussed in the following.

In figure 4.9 the energetic contribution of POD modes versus the mode
number is reported. The inset shows the cumulative sum of the energetic
contributions. Figures 4.10 and 4.11 report the Q isosurfaces of the first
four modes of a swirling jet. They contain about 50% of the total energy
included in the snapshots sampled. The isosurfaces presented are pictured
two by two with high contrast colours for the sake of clarity. In each frame
the red isosurface is related to the most energetic mode of the couple of
modes pictured.

The first two POD modes, reported in figure 4.10a in red and blue
colour, show two counter-winding spiral-shaped isosurfaces . They are lo-
cated around the core jet region. Such structures are the most energetic
ones of the whole flow field including 40% of the energy contained in the
snapshots sampled. The whole vortical structure does not extends out
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Figure 4.9: Energetic contribution of the POD modes versus the mode
number in the velocity fluctuations basis for swirl number S = 0.61. The
inset shows the cumulative sum of the energetic contributions.

of the nozzle. As a matter, it is representative of the precessing vortex
(PV) described by Cala et al. (2006). The precessing frequency of such
a structure can be deduced in two different ways: from snapshots inspec-
tion within the accuracy of the acquisition time resolution, or from the
Fourier transform of the first two temporal coefficients vectors extracted
from the Singular Value Decomposition (SVD) operated to obtain POD
modes. The resulting Strouhal number of the PV precessing motion is
St = 1.08 which is in accordance with literature (Nicholas Syred, 2006).
Unfortunately, the limited range of investigated swirl ratios does not allow
to identify a variation of Strouhal number with swirl number.

The other two modes presented in this section are reported in fig-
ure 4.10b. They are representative of 10% of the total energy included in
the sampled snapshots. The spiral-shaped vortical structures involved are
of two different kinds: the first one is totally included in the nozzle exten-
sion and wraps around a central vortical column in clockwise sense, the
second one is located completely out of the nozzle extension. The cylin-
drical vortical structures are related to the central recirculation region.
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Figure 4.10: Q isosurfaces of the first four modes (50% of the total energy
of the flow field) taken two by two; swirl number S = 0.61. a) 1st and 2nd
POD modes (in red and blue colour respectively): 40% of total energy;
b) 3rd and 4th POD modes (in red and blue colour respectively): 10% of
total energy.

In conclusion, the first kind of structures is related to the inner secondary
vortex (ISV) while the second one is related to the outer secondary vortex
(OSV) (Cala et al., 2006).

Figure 4.11: Top views of frames reported in figure 4.10. Q isosurfaces
of the first four modes (50% of the total energy of the flow field) taken
two by two; swirl number S = 0.61. a) 1st and 2nd POD modes (in red
and blue colour respectively): 40% of total energy included; b) 3rd and
4th POD modes (in red and blue colour respectively): 10% of total energy
included.
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4.2 Flow field of an impinging swirling jet

In the present section the flow field related to an impinging swirling jet
is presented. Among the nine designed swirl generators, five of them will
be discussed in the following: S = 0, 0.23, 0.43, 0.61, 0.74.

The reference coordinate system is that reported in figure 3.10.

4.2.1 Close-to-wall velocity radial distributions

As done in section 4.1.1 the time-averaged velocity radial distributions will
be presented. Then the discussion will focus on the Reynolds stresses.

The first case we will discuss in the following is the no-swirl case which
is taken as reference case (figure 4.12). It is noticeable the significant
decrease in the axial velocity with respect to the free configuration. This
is caused by the approaching of the jet to the wall. It is known in literature
that the influence of the wall on the flow extends 1D upstream along the
axial direction for continuous impinging jets (O’Donovan, 2005). As a
matter, the wall presence causes an adverse pressure gradient leading
to an axial velocity decrease. In addition, the axial component of the
no-swirl impinging case shows a local minimum on the jet axis and a
maximum at r/D = 0.4. The double peak distribution is ascribed to
the adverse pressure gradient which is generated by the impinging plate
presence. This is confirmed by numerical predictions of Rohlfs et al.
(2012) which were experimentally validated by Greco et al. (2016). After
a sudden decrease of velocity in the range 0.5 < r/D < 1, the axial
velocity becomes basically negligible. This brings to the conclusion that
the jet spreading affects the flow field close to the wall until 1D from the
impingement.

The radial component of velocity is characterised by a maximum lo-
cated at 0.7D. The steepness of velocity distribution between the origin
and this station is ascribed to the rapid deflection of velocity vector from
the axial to the radial direction and the consequent contraction of stream-
lines where the wall jet is beginning to develop. Away from this station
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Figure 4.12: Radial time-averaged velocity distributions of an impinging
submerged swirling jet (x/D = 0.02). Legend reports the swirl numbers.

the radial velocity experiences an opposite acceleration because of the
increasing of the wall jet height. Once reached the distance of 2D, the
radial velocity linearly decreases with slope −0.13U0/D.

The first non-zero swirling case (i.e. S = 0.23) shows several differ-
ences from the impinging no swirling jet. The axial velocity distribution
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is significantly issued by a defect along the jet axis. In addition, the local
maximum located at 0.5D is slightly displaced towards to the origin. The
wider velocity distribution is symptomatic of the increased entrainment
provided by the swirling jet. Hence, where the axial velocity is basically
negligible in the no-swirl case, now is close to 10% of the bulk velocity
U0. The axial velocity becomes negligible at 1.5D from the origin.

The radial component of velocity is significantly influenced by the
rotating motion. As a matter, the maximum has a smaller absolute value
and it is located at 1.2D. In addition, the linear decaying of velocity is
anticipated at r/D = 1.5 respect to zero swirling case.

The radial distribution of the negative tangential velocity component
is characterised by a positive slope (0.26U0/D) starting from the core.
The distribution reaches a maximum located at 0.5D and then, the slope
reverses with the same steepness until 2D from the origin where the ve-
locity decays more gradually. This behaviour can be explained focusing
separately on the two zones located at each side of the peak. To the left
side of the maximum there is located the vortex core. In this region, the
inertia of the fluid is small and the flow field is continuously fed with
rotating motion. It behaves like a forced vortex: it is characterized by
the increasing of the tangential velocity with the distance from the ori-
gin. On the other side of the peak, the velocity distribution is represented
by fluid which exhibits a decaying swirling behaviour while flowing away
from the axis. Hence, it behaves like a free vortex and is characterized by
a hyperbolic decrease of the tangential velocity. The nearest analytical
representation of this distribution is the Rankine vortex which is a typi-
cally adopted model of vortex in viscous fluids (Giaiotti and Stel, 2006).

wvort(r) =

Γr/ (2πR2) r ≤ R

Γr/ (2πr) r > R
(4.2)

The increasing of the swirl number stresses all characteristics described
above. Regarding to the S = 0.43 case, the axial velocity distribution is



4

90 4. Results

affected by a significant reverse flow in the range 0 < r/D < 0.4. The
maximum of reverse velocity flow is reached along the jet axis. Moving
away from the origin, the axial velocity increases until 0.75D where is
located a maximum of absolute axial velocity. The spread of the jet is
more evident in this case where the axial velocity component is significant
until 1.75D.

The radial velocity distribution is affected in three different ways by
the increasing of the swirl ratio: the occurrence of a reverse flow, the maxi-
mum radial velocity location is displaced further away from the origin, the
maximum absolute value is significantly reduced. The first phenomenon
is related to the occurrence of a recirculation in proximity of the impinge-
ment region. This makes new fluid to move to the impact area where
the recirculation is located. The second phenomenon is symptomatic of
the increased spreading of the jet before approaching to the wall. The
resulting effect is that the onset of the spiral wall jet is postponed because
the jet core gets wider. The overall spreading of the jet directly affects
the velocity distribution which, in turn, experiences the lowering of the
absolute value of the maximum.

Not surprisingly, the tangential velocity distribution increases its ab-
solute maximum value with respect to the low swirl case. In addition, the
spreading of the jet is still noticeable in this case because the absolute
maximum location is displaced farther from the origin.

An overall interpretation of the flow field established at S = 0.43
can be provided gathering all the information given by the three velocity
distributions. In proximity of the impingement area the flow experiences
three different simultaneous motions: the fluid near the stagnation region,
adjacent to the wall, is raised, new fluid is brought from regions out of
the core to the impact area and a forced rotating motion generates a
rotational flow field which envelops the core and induces the rotation away
from it. The resulting motion is a spiral recirculation region extended in
0 < r/D < 0.5.

The behaviour of the remaining swirl numbers investigated is not triv-
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ial. The axial velocity is still affected by a defect along the jet axis but
this time the absolute value is lower respect to the previous swirling case.
Hence, the reverse flow is still present in this case even if it is weaker than
the previous at S = 0.43. The maximum, previously placed at 0.75D, is
now slightly displaced further away from the origin and it is characterised
by a smaller absolute value.

The radial velocity component distributions for high swirl numbers are
characterised by the asymptotic approaching of the maximum at r/D =
1.5, then the −0.13U0/D decay slope is followed. As a consequence the
radial velocity gradients are smoother.

Unexpectedly, the tangential velocity component reverts its trend
passing from S = 0.61 to S = 0.74. The lower swirl number is char-
acterised by the displacement of the maximum further away from the
origin (at r/D = 1.1). The maximum is approximately equal in value to
the one related to S = 0.43. On the other hand, the tangential velocity
component distribution related to S = 0.74 experiences two unexpected
phenomena: the maximum gets closer to the origin and its absolute value
significantly decreases. This behaviour can be interpreted as the result
of the engulfment of the fluid. A rotating motion is still imparted to the
fluid but in this case not all angular momentum imparted to the fluid at
the nozzle is efficiently transmitted until to the wall.

Figure 4.13 reports the radial distributions of the Reynolds stresses in
a plane placed at x/D = 0.02 from the wall.

In the no-swirl case the u′2 radial distribution is characterised by four
distinctive peculiarities: a minimum located in correspondence of the jet
axis, two local maxima located at 0.625D and at 2D from the origin and
a linear decaying with −4 · 10−3U0/D slope from r/D = 2.125. The first
critical point is caused by the jet potential core which is not still vanished
and the fluctuations are small in proximity of the origin. As a matter, the
shear layer embracing the core does not have enough space to merge with
it in the distance between the nozzle and the wall. The inner peak could
be ascribed to the shear layer impact to the wall. A slight spread of the jet
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Figure 4.13: Radial distributions of Reynolds stresses for an impinging
submerged swirling jet (x/D = 0.02). Legend reports the swirl numbers.

justifies the displacement of the critical point from 0.5D. Also an outer
peak is observed at 2.25D from the origin which can be ascribed to the
occurrence of a secondary vortex ring (Greco et al., 2016). The positions
of the axial peaks correspond to those found by O’Donovan (2005) for
impinging continuous jets.

The second-order moment of radial component of velocity shows a
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Figure 4.13 (Cont.): Radial distributions of Reynolds stresses for an im-
pinging submerged swirling jet (x/D = 0.02). Legend reports the swirl
numbers.

plateau which extends from the jet axis to 0.25D. Moving away from the
origin the quantity increases and reaches its highest value at r/D = 1.625.
After that station follows the decay with −8 · 10−3U0/D slope.

The only non-zero mixed second-order moment for the no swirling
case is the u′v′ which resembles the v′2 distribution. In fact, the plateau
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in proximity of the impact and the maximum located at r/D = 1.75 are
still present. The decaying slope after the maximum station is −2.5 ·
10−3U0/D.

The introduction of a rotating motion (S = 0.23) causes a significant
change in the radial distributions of second-order moments. The u′2 expe-
riences a minimum along the jet axis and a maximum located at 0.25D.
After that station, there is a sudden decrease. After r/D = 1.5, the
quantity keeps low in value experiencing a linear decay from the radial
distance equal to r/D = 2.125. The high energetic level of turbulence
along the x axis can be ascribed to the core of the jet which is breaking
before impacting to the wall. As a matter, even if the swirling rate is low
this still causes instabilities in the conical shear layer and a premature
break up of the core of the jet.

The turbulent content of radial component of velocity along the jet
axis is high too. Moving away from the origin, the negative sloping curve
reaches a minimum located at 0.875D, then a maximum is reached at
1.625D. After that station, the same turbulence decay encountered in
other cases occurs. The high energetic content along the radial direction
in the range 0 < r/D < 0.875 is symptomatic of two effects caused
by the low swirl ratio: anticipated shear layers merging and noticeable
spreading of the jet. The first effect can be deduced by the high values
of turbulence content while the second phenomenon clearly appears from
the widening of the peak prominence of the first peak. The second peak
presence suggests the similarity with the no-swirl case.

The high turbulence level in the nearby of the impingement region oc-
curs also in the w′2 radial distribution. It is characterised by a maximum
along the jet axis and then a gradual decay. As noted before, the high
turbulence level is ascribed to the anticipated shear layer merging.

The behaviour of u′v′ still has some similarities with the no swirling
case: a maximum located at 1.75D and the linear decay after that station.
In addition, there is another minimum located at 0.375D. This oscillating
trend shows the variable contributions of axial and radial turbulence along
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the radial distribution of the Reynolds stress.

The v′w′ shows a maximum in absolute value located at 0.5D and
then a slow decay moving away from the origin.

The last Reynolds stress investigated is u′w′ which resembles to some
extent the behaviour of u′2. A maximum is located at 0.875D then a
rapid decay happens. After the 1.25D station, a change in sign appears.

Increasing the swirl number significantly affects the Reynolds stresses’
distributions. The first Reynolds stress u′2 is characterised by the decrease
in absolute value of the local minimum located along the jet axis and
by the shift in the maximum location from 0.25D to 0.6D. The first
effect can be ascribed to the core of the jet impacting on the wall. This
results in a low turbulence region in proximity of the jet axis. In this
case the swirling motion seems to keep solid the inner region of the flow
until it reaches the impinged surface. The turbulent energetic content of
the axial component of the flow suddenly increases reaching a maximum
which, with respect to the low swirling case (S = 0.23), is not affected
on the absolute value by the increased swirl ratio. The second effect
noticed, the shift in the maximum location noticed comparing the u′2

radial distributions for two different swirling ratios (S = 0.23 and S =
0.43), can be ascribed to the spreading of the jet which is significant in
this case. Increasing the swirl number further than S = 0.43 causes the
lowering of the absolute maximum value and an additional shift away from
the origin. The maximum is now located at 0.8D. After the maximum, all
the moderate to high swirl ratio distributions share a common decaying
trend.

The radial distributions of v′2 for moderate to high swirl numbers are
characterised by high turbulence along the jet axis, a minimum and a
maximum. In particular, the S = 0.43 distribution shows, with respect
to S = 0.23, the increasing in the maximum along the jet axis, the ap-
proaching of both, the minimum and the maximum, towards the centre
of the jet. The new locations of the critical points are 0.375D and 0.75D
respectively. This results in the fact that, even the mixing region is wider,
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the main part of the radial component of turbulence is included in a circle
of radius equal to 1D. This station corresponds to the turbulence decay.
It is worth noting that the increasing of swirl number from low (S = 0.23)
to moderate (S = 0.43) values corresponds to an increase of the turbu-
lent content of all radial Reynolds distributions. Further increasing of the
swirl number over S = 0.43 causes the turbulence decreasing along the jet
axis. The minimum and the maximum patterns are still noticeable but
they significantly decrease in absolute value with respect to the previous
swirl ratio. As a matter, passing from moderate to high swirl numbers
(S ≥ 0.5) implies a general lowering of the whole distribution.

The Reynolds stress distribution related to tangential component of
velocity, w′2, for a moderate swirl number (S = 0.43) shows a distribution
which is entirely located over the S = 0.23 curve. Increasing the swirl
number cause, also in this case a general lowering of the whole distribu-
tion.

The mixed second-order moments’ distributions confirm the behaviour
previously described: the switch from low to moderate swirl numbers
results in a general increase of turbulent content of flow field. The mixed
Reynolds stress u′v′ distribution is characterised by a significant increase
of the minimum and of the maximum absolute values. A shift of both
critical points towards the origin is also noticeable. The behaviour of
moderate and high swirl numbers is coherent with the other distributions,
thus a general reduction in absolute value of all critical points is verifiable.

The remaining mixed Reynolds stresses investigated v′w′ and u′w′ ex-
perience stronger gradients in proximity of critical points switching from
low to moderate swirl number, while it is noticeable an overall lowering
of all recognisable patterns passing from moderate to high swirl numbers.
In addition, at high swirl numbers, all critical points experience a slight
shift further away from the origin.
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4.2.2 Adiabatic wall temperature in incompressible
flows

In the following, the radial distributions of the time-average and standard
deviation of wall temperature will be presented. In order to properly scale
the first quantity, a non-dimensional parameter has to be introduced.

The assumption according to which the ambient temperature where
the jet exhausts is constant during the test is not correct. Hence, the gen-
eral problem involved in the present experimental apparatus is to prop-
erly non-dimensionalise the wall temperature distribution thus obtaining
a parameter, called η, that takes into account the influence of the swirl
number on the ambient temperature. The scaling adopted for the wall
temperature distribution is reported in the following expression:

η = T − T∞
Tj − T∞

(4.3)

where T is the time-average temperature distribution, the jet temperature
Tj is assumed to be constant for all swirl numbers and T∞ is the ambient
temperature in which the jet exhausts. This last parameter depends on
the swirl number. In order to estimate T∞, for each test, the temperature
in proximity of the impingement area is acquired at four critical time
steps: at the beginning of the test (TInit) as check of the uniformity of
temperature through the whole tank, at the beginning of the thermal
acquisition (TInitTherm), at the beginning of the PIV acquisition (TInitPIV)

Swirl number TEndTherm [◦ C]
0 20.50

0.23 20.60
0.43 20.65
0.61 20.70
0.74 20.80

Table 4.2: Correspondence between the swirl number and the temperature
in proximity of the impingement at the end of the thermal acquisition.
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and at the end of the thermal acquisition (TEndTherm). The last one will
be assumed as the temperature which best approximates the ambient
temperature T∞ in which the jet exhausts (table 4.2).

4.2.3 Wall temperature radial distributions

The time-averaged and the normalised standard deviation temperature
radial distributions are presented in figure 4.14.

The no-swirl case is characterised by a plateau until r/D = 1.5 and a
slow decrease of the time-averaged wall temperature moving away from
the impact centre. The behaviour of the time-averaged wall temperature
is strictly correlated to the standard deviation of temperature σ. This has
a large plateau which extends to 1D, a steep increase and a maximum
located at 2.25D. After that station the temperature fluctuations are
progressively smaller. As it can be noticed, the two plateaus corresponds
one to each other. In particular, until the fluctuation of temperature has
not reached its maximum, η is basically equal to unit. This suggests to
think that the station until σ is small spots the width of the core jet
which thus basically reaches undisturbed the wall. The maximum of σ
indicates the secondary vortex typical of an impinging conventional jet.
Hence, both curves confirm that the circular jet case basically travels
undisturbed toward to the wall because it has no room to completely
develop.

A low swirl number involves significant differences from the previous
discussed case. The first effect is a lowering of the maximum related to σ
distribution. In addition to this, there exists a general increasing in tem-
perature fluctuation in the range included between the centre of impact
and the maximum location. Hence, the addition of an even small tangen-
tial motion to a circular jet results in a general higher turbulence level at
the wall. The augmentation of σ is particularly significant at 1D. This
can be ascribed to the shear layer instabilities which the rotating motion
involves resulting in enhanced mixing between jet and surrounding fluid
at rest, even in the small distance between the nozzle and the impinged
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Figure 4.14: Wall radial distributions of non-dimensionalised time-
average η and standard deviation σ of wall temperature for an impinging
submerged swirling jet. Legend reports the swirl numbers.

wall. The radial distribution of time-averaged wall temperature differs
from the conventional case for the lack of the plateau and for a general
lowering of the quantity distribution. The first information, which was
previously useful to spot the end of the potential core jet, now gives a
dual information: the core jet is disturbed by the swirl motion and the
boundary between the core jet and the outer region from the shear layer
is not clear as before. The effect of the general lowering of η distribu-
tion confirms the mixing enhancement provided by the addition of even
a small swirling motion to a circular jet.

Increasing the swirl number from low (S = 0.23) to moderate swirl
number (S = 0.43) brings additional mixing all over the range of inves-
tigation. This can be deduced from a further general lowering of the η
distribution. The σ distribution for S = 0.43 basically differs from the
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low swirl number (S = 0.23) case for the maximum location which, previ-
ously located at 2.25D, moves in the nearby of the impact centre placing
at 0.75D. The maximum level of temperature fluctuation along the jet
axis increases further in this case.

Further increasing of the swirl number to high values (S = 0.61−0.74)
provides a common asymptotic behaviour. The wall temperature seems
to reach an asymptote and the two η distributions barely differ one from
each other. As a consequence, the two swirl numbers behave as the same
from the time-averaged temperature distribution and mixing points of
view. Focusing on the shape and magnitude of σ, the two distributions
basically overlap experiencing a general lowering. This can be ascribed
to the anticipated breaking of the vortex core. As a consequence, the jet
flow has space to better mix with the ambient fluid before reaching the
impinged wall.

4.2.4 Temperature time sequences

In order to simultaneously extract spatial and temporal information
about the organisation of the unsteady wall thermal field of an impinging
swirling jet, the first half of the synchronised thermal acquisition is taken
into account. Within this time frame, the temperature fluctuations T ′

time sequences for five swirl numbers are extracted from three circum-
ferences centred on the origin having radii respectively equal to 0.8D,
1.5D and 2.3D. Such radii are chosen in order to describe three different
representative behaviours.

The first investigated time sequence (figure 4.15) shows a significant
difference depending on the swirl number. The no swirling case is char-
acterised by small temperature fluctuations except for some blue spots.
Such a behaviour can be explained referring to figures 4.12 and 4.14. As
it can be noticed, the distributions of U/U0 and σ from the origin to
r/D = 0.8 show respectively high values of axial velocity component and
small standard deviation values of temperature fluctuation. This means
that, at this location, we are investigating the impingement region within
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Figure 4.15: Time sequences of temperature fluctuations at 0.8D from the
origin. The duration of each time sequence is equal to 2.5 seconds starting
from the beginning of the synchronised acquisition. Swirl numbers are
reported on the right side of each stripe. The scale on the left side reports
the azimuthal coordinate in radians. On the bottom, the time scale is
reported. The colorbar refers to the temperature fluctuation percentage
respect to ∆T imposed.

the core jet. Hence, the flow does not mix at all with the ambient at this
stage.

The superimposition of a tangential motion triggers the entrainment
phenomenon since short distances from the impact. The general be-
haviour shows large positive fluctuation regions together with several
strongly negative spots. Such a pattern can be ascribed to the occurrence
of both enhanced entrainment phenomenon and mixing performances of
the swirling flow field.
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Further increasing the swirl number to S = 0.43 favours the entrain-
ment phenomenon to the detriment of the mixing performances. As a
matter, the time distribution is disseminated of well defined positive (in
red) and negative (in blue) high temperature fluctuations spots. This
means that the swirling motion is acting to strongly drag ambient fluid
toward the impingement centre but it is not able to mix enough the fluids
at different temperatures.

The mixing performances suddenly improve for S = 0.61. The dimen-
sion of cold and hot regions is much smaller respect with the previously
discussed case. The entrainment phenomenon brings new cold fluid to-
wards the jet core while the mixing is dramatically increased. This is in
accordance with the significant lowering of η distribution at r/D = 0.8
passing from S = 0.43 to S = 0.61 (figure 4.14).

The last swirl number investigated for such a distance from the origin
(S = 0.74) demonstrates worse mixing performances. As a matter, red
spots are large again while the entrainment appears to drag more cold
fluid towards the impingement region.

In order to give a complete framework of the temperature fluctuations
dynamics, another distance from the origin (i.e. r/D = 1.5) is investi-
gated (figure 4.16).

Moving to such a station, the no swirl case shows a significant in-
creasing of the entrainment contribution. As a matter, the related time-
distribution is characterised by several and finely distributed negative
fluctuation spots. On the other hand, the most frequent value of temper-
ature fluctuations is close to zero. This means that the core jet has still
strong influence at this station.

The time-distribution related to the first swirling case (S = 0.23)
shows a significant difference from r/D = 0.8: there are more cold and
hot spots. Their simultaneous presence suggests that the mixing perfor-
mances are affected negatively moving away from the origin. Another
significant difference is the blue spots extension along the time dimen-
sion. This can be explained as the occurrence of radial velocity compo-
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Figure 4.16: Time sequences of temperature fluctuations at 1.5D from the
origin. The duration of each time sequence is equal to 2.5 seconds starting
from the beginning of the synchronised acquisition. Swirl numbers are
reported on the right side of each stripe. The scale on the left side reports
the azimuthal coordinate in radians. On the bottom, the time scale is
reported. The colorbar refers to the temperature fluctuation percentage
respect to ∆T imposed.

nent acceleration between r/D = 0.8 and r/D = 1.5 which results in the
enhanced entrainment of ambient fluid.

The time-distribution related to swirl number S = 0.43 shows several
hot spots as in the previous case. The main difference from before is
in their dimensions which is dramatically reduced. This means that at
this distance from impingement region and with such a swirl number, a
good equilibrium between the entrainment and the mixing phenomena is
reached.
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Further increasing the swirl number to S = 0.61 affects the mixing
in a positive way at r/D = 1.5. In fact, red spots are barely visible at
this distance. The entrainment effect is still noticeable because of the
presence of blue regions but of smaller dimensions. This is symptomatic
of the increased level of turbulence at further stations from the impact
(figure 4.14).

The reduction of cold and hot spots dimensions is noticeable also for
S = 0.74. The higher level of turbulence at r/D = 1.5 favours the mixing
resulting in a distribution much similar to S = 0.61. This suggests that
the performances of the two flow fields are comparable at these conditions.

The last station investigated is at 2.3D from the origin (figure 4.17).
The stripe related to swirl number equal to zero is characterised by uni-
formly distributed hot and cold spots. The main noticeable characteristic
of such a stripe is the different size of spots. It appears to strongly de-
pend on whether the spot is related to a high or low value of fluctuation.
The hot spots, related to the jet, feed the flow field with hot water. The
cold ones are related to the entrainment phenomenon which brings cold
fluid from the external region of the jet. As a matter, the hot spots
are smaller than the cold ones. This difference can be explained suppos-
ing that the impinging structures are well distinguishable one from each
other also after the impact. This does not promote the equilibrium be-
tween entrainment and mixing. Hence, the lack of a good mixing provides
spots perfectly distinguishable along θ direction and frequent variations
of temperature fluctuation on the wall along the time direction.

The stripe related to S = 0.23 (low swirl number) reports both simi-
larities and differences with the previous case. The noticeable difference
in this case is that the spots with positive temperature fluctuation value
are significantly larger and well spread all over the circumference while
the cold spots appear as better distinguishable. In addition, they are
surrounded by extended low fluctuation regions. This is symptomatic of
the enhanced mixing behaviour of the flow field.

The further increasing of swirl number to a moderate value (S = 0.43)
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Figure 4.17: Time sequences of temperature fluctuations at 2.3D from the
origin. The duration of each time sequence is equal to 2.5 seconds starting
from the beginning of the synchronised acquisition. Swirl numbers are
reported on the right side of each stripe. The scale on the left side reports
the azimuthal coordinate in radians. On the bottom, the time scale is
reported. The colorbar refers to the temperature fluctuation percentage
respect to ∆T imposed.

generates a different behaviour in the widening of the jet. Along the
circumferential direction, the spots have a similar extension with respect
to the previous case. The significant difference in this case is that the
tracking of spots of temperature fluctuations is more difficult. The mixing
at 2.3D away from the impingement centre brings a significant lowering of
temperature fluctuations. This could be ascribed to the higher turbulence
level caused by the swirling flow field (figure 4.14). As a consequence, the
fluid supplied by the jet mixes well with the cold one in proximity of the
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wall and, after 2D, the temperature does not fluctuate much while the
velocity fluctuations are still significant as shown in section 4.2.1.

The stripe related to the swirl number equal to S = 0.61 is charac-
terised by an overall lowering of the absolute value of temperature fluc-
tuations. This can be explained by the occurrence of higher turbulence
levels in the velocity flow field. A simple interpretation of this is that
the vortical structures which crawl along the wall are smaller because
they completely breakdown after the impact. Furthermore, the positive
temperature fluctuations magnitude are barely noticeable. On the other
hand, the cold areas still act an important role with their significant ex-
tension along the time direction.

The highest swirl number investigated (S = 0.74) shows a counter
intuitive behaviour. Taking into account the size of fluctuation spots,
the frequency of occurrence of high and low fluctuation spots and the
mean value of the temperature fluctuation, the overall sensation is that
the present case is a mid-way between S = 0.43 and S = 0.61 cases.
The red spots are noticeable again. This suggests that there exist local
increments in the temperature fluctuations. Hence, the mixing behaviour
is worse than in the previous case.

In conclusion, the unsteady temperature fluctuation maps related to
swirl number S = 0.61 appear to fruitfully join the effects of both en-
trainment and mixing phenomena. As a matter, the mutual cooperation
of these phenomena produces a favourable mixing environment.

4.2.5 Wall velocity radial distribution

As described by Warhaft (2000), small temperature differences have no
dynamical effect on the fluid motion itself. For this reason, the tempera-
ture differences can be used as an additional tracer in the flow under inves-
tigation. The time sequences presented in section 4.2.4 are characterised
by high and low temperature fluctuation spots with a significant signal
to noise ratio. This suggests the possibility to apply a cross-correlation
algorithm which involves the MGIWD approach (Discetti and Astarita,
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2010) to evaluate the displacement of the patterns. This results in esti-
mating the velocity at very short distance from the wall which could differ
in some way from the one estimated with the application of the T-PIV
technique.

-0.05
0

0.05

0.15

0.25

0.35

0.45

0 0.5 1 1.5 2 2.5 3 3.5 4
r/D

S = 0
S = 0.23
S = 0.43
S = 0.61
S = 0.74

V/
U

0

Figure 4.18: Time-averaged radial velocity component distributions esti-
mated from the temperature fluctuation images.

The cross-correlation data processing procedure is the same of which
adopted in a classic planar PIV algorithm. Hence, the thermal images
are processed with final square windows equal to 16× 16 with overlap set
to 75%. In order to validate data, the outlier detection method proposed
by Westerweel and Scarano (2005) is employed.

Figure 4.18 reports the time-averaged distributions of radial velocity
component at five swirl numbers obtained from a sequence of 16 000 im-
ages. The no swirl case is characterised by a steep increasing of velocity
in proximity of the impingement centre. A plateau is located in the range
r/D ∈ [0.5, 1] where the velocity reaches a maximum. After 1D from the
origin the velocity gradually decreases.

The introduction of a low swirling motion causes the displacement
of the maximum location away from the impingement centre. In ad-
dition, the absolute value decreases. A moderate swirl number, i.e.
S = 0.43, involves the occurrence of a weak recirculation region in the
range 0 < r/D < 0.25. The inverse motion toward the impingement cen-
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Figure 4.19: Comparison between radial velocity component at different
locations along the wall according to PIV (arrows in green) and thermog-
raphy data (arrows in red) for a conventional round jet (S = 0). The
dimensions of arrows are in scale. Reference arrow reported in grey color.

tre can be ascribed to the presence of a localised vortical structure which
acts engulfing the fluid in the nearby. Starting from r/D = 0.25, the
velocity rapidly increases reaching a maximum at 1.25D away from the
impingement centre. The absolute value of this peak is lower than the
previous case.

The last two curves related to high swirl numbers (S = 0.61 and
S = 0.74) almost overlap one to each other. They experience a further
displacement of the maximum location away from the impingement centre
and a general lowering of the velocity distribution. In addition, the recir-
culation zone in proximity of the impingement centre widens extending
to r/D = 0.5.

The comparison of figure 4.18 with figure 4.12 gives additional infor-
mation about the development of the flow field in the few fractions of
diameter between the investigation region related to T-PIV volume and
the wall velocity data above discussed. As a matter, the average radial
distributions obtained with the two techniques appear to be in full ac-
cordance: the maximum locations perfectly correspond. As expected,
due to the shear stress in the thermal boundary layer, figure 4.18 shows
velocity values lower than those reported in figure 4.12. The main dif-
ference between them provides a further information about the flow field
in case of the absence of tangential motion. As a matter, the veloc-
ity distribution measured with the temperature fluctuation distribution
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shows a plateau which is narrower in the T-PIV data. Hence, this sug-
gests that the switching from impinging region to wall jet region follows
the dynamics reported in the schematic in figure 4.19. In proximity of
the impingement centre (r/D = 0.25) the velocity reported by the two
distributions are equal. In each profile of time-averaged radial velocity
component the black dashed line is the supposed linear matching of the
information belonging to the two investigation heights. At r/D = 0.5
the V component of velocity measured by both techniques experiences
a sudden acceleration. Proceeding away from the impingement centre
the velocity on the last slice of T-PIV volume further increases while the
velocity estimated from the thermal images is constant until r/D = 1.
Such a location corresponds to the plateau in figure 4.18. On the other
hand, the T-PIV velocity estimated at xWLB/D continues to increase until
r/D = 0.65, then it suddenly decreases. After 1D from the impingement
center the two velocity profiles come back to coincide one to the other.
This means that the velocity gradients are smooth enough to slowly pen-
etrate the last fraction of diameter along x direction and influence the
thermal boundary layer.

4.2.6 Three-dimensional flow field

In the present section the unsteady three-dimensional flow field of an
impinging swirling jet in proximity of the wall will be discussed. The ref-
erence system adopted and the measurement boundaries extracted from
the illuminated volume are reported in section 3.4.

Figure 4.20 reports two snapshots of the instantaneous flow field of
a no swirling jet impinging on a flat wall located at distance H/D = 2.
The information reported in the figure are the following:

• isosurface corresponding to Q = 0.3 contoured with the azimuthal
velocity component w;

• black streamlines placed at the boundaries of investigation volume
(vertical planes located at z = zWHB and at y = yWHB). The contoured
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background is related to w;

• grey isosurfaces related to u/U0 = 0.05;

• red streamlines depart from a circumference of radius 0.25D located
at xWHB;

• grey streamlines depart from a circumference of radius 0.75D lo-
cated at xWHB;

• the plane located below the investigation domain is contoured with
the instantaneous temperature fluctuations T ′ and it is positioned
at x = 0.

Figure 4.20a reports that the overall organisation of the flow field
can be distinguished in two possible occurrences: the crawling of annular
vortices and their breakdown. The instantaneous flow field reported in
figure 4.20a shows a large vortical structure which embraces the whole
impingement region and several annular vortical structures centred on the
impingement centre. In particular, the first vortical structure, located in
proximity of the origin, can be ascribed to the impact of the shear layer
with the wall. The second kind of vortical structures is characterised by
ring-shaped patterns. These structures alternate one from another with a
distance of 0.5D. In addition, during their leaving from the origin, they do
not break up for a long distance. As a matter, their shape is recognisable
until 2D from the origin. After that station, instabilities arise and the
annular vortices distort. After r/D = 2.5 the vortices break. As it can
be noticed by the contour over the annular structures, the w component
of velocity is close to zero until 2D. Hence, the ring-shaped vortices are
not affected by any significant azimuthal spatial gradients.

The absence of tangential motion is confirmed focusing the attention
on the red and grey streamlines. They are basically aligned to x direction
on the upper part of the observation domain. With the approach to the
wall, the streamlines smoothly adapt spreading radially.
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Figure 4.20: Three-dimensional representation of two instantaneous flow
fields of the no-swirling jet (S = 0) suspended at H/D = 2 over a flat
wall. The contoured isosurface corresponds to Q = 0.3. The left color-
bar is related to azimuthal component of velocity. The grey isosurfaces
are related to u/U0 = 0.05. The second colorbar is related to tempera-
ture fluctuation. The red and grey streamlines start from two concentric
circumferences located at x = xWHB centred on the jet axis and of radii
respectively equal to 0.2D and 0.75D.
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r/D

Figure 4.21: Schematic of the mutual interaction phenomenon between
consecutive annular vortices.

In the snapshot reported, some positive u regions are noticeable (grey
isosurfaces). They are located downstream of the ring-shaped vortices.
These regions can be explained as the direct effect of the fluid drag from
the wall because of the rotation of annular vortices. As it can be noticed
by the black streamlines located at z = zHBW , the vorticity component
along the z direction is negative. As a consequence, the vortex in prox-
imity of the impingement centre takes the hot jet fluid and pushes it
downward to the wall (figure 4.21). Once the hot fluid passes below the
vortex, it comes up at lower temperature because of the mixing with the
fluid at rest. Focusing on stations located farther from the origin, other
two vortices are crawling. They are both smaller than the first one but
act similarly. Moving away from the origin, the mixing phenomenon grad-
ually weakens. As a result, each of the crawling vortices experiences a
different flow temperature above them. This causes gradually lower tem-
perature fluctuations measured on the wall at farther stations from the
origin.

The discussion presented above about the snapshot reported in fig-
ure 4.20a shows the reasons of the bad mixing capabilities of the no
swirling case. The high coherent organization of the crawling vortices
does not help the mixing. As a matter, the temperature fluctuations map
is characterised by a high non-uniform distribution which means that the
fluid is often away from its time-averaged value.

Figure 4.20b reports the occurrence of the breakdown of the annular
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Figure 4.22: Schematic of the occurrence of spatial gradients of azimuthal
component of velocity. a) Long life annular vortex. b) Short life annular
vortex.

vortical structures. Particularly interesting is the presence of small spa-
tial gradients of w velocity component. This can be ascribed as one of
the phenomena concurring to vortices breakdown. In case of w gradients
along the extension of a vortical annular structure, the relative position-
ing of positive and negative azimuthal velocity regions is of fundamental
importance to predict the life duration of the vortex itself. Hence, two are
the typical occurrences (figure 4.22): a positive w region is approaching
to a negative one, the two w regions, opposite in sign, are departing one
from each other.

In the first case (figure 4.22a), if a positive w region approaches to
a negative w region, the whole vortical structure is distorted but it is
not stretched. Hence, the vortical structure has more chances to survive
during the motion from the impingement location. On the other hand, in
case of occurrence of stretching effect, this makes the vortical structure
to experience an adverse condition to travel much along the wall.

The superimposition of a tangential motion on an impinging round jet
involves new interesting phenomena. Figure 4.23 reports two snapshots
of the three-dimensional flow field generated by an impinging low swirling
jet.

The main expected feature characterising an impinging swirling jet is
the occurrence of noticeable effects related to the azimuthal component
of velocity. As a matter, this is confirmed by the slight streamlines’
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slope with respect to the x direction in proximity of the impingement
centre (red streamlines in figure 4.23a). The streamlines approaching
to the wall smoothly curve and then, once reached the wall, proceed
radially. A similar behaviour is noticeable for the streamlines located
at the outer position (in grey colour). Not surprisingly, the slope of
such streamlines, caused by rotating motion, is weaker at farther location
from the jet axis. This can be explained as the superimposition of two
phenomena: the spreading of the jet and the viscous shear layer effect.
The first one slightly reduces the axial velocity because of the increasing
of the cross-sectional area. The second phenomenon significantly reduces
the azimuthal component of velocity moving away from the impingement
centre.

A non-zero azimuthal velocity component does not affect only the flow
field in proximity of the impingement centre. As a matter, the rotational
motion significantly affects also the wall jet development. The three-
dimensional black marked streamline shows the simultaneous effect of
the annular vortical structures and the azimuthal velocity component.
The streamline departs from the upper part of the investigation volume
(x = xWHB) and rapidly deviates toward the wall. Once reached the wall,
the streamline path is directed away from the impingement centre. At
0.5D from the origin, the streamline shows the effect of the vorticity of
an annular coherent vortex. The vortical field induced by such a vortex
makes the streamline to turn three times around the vortex extension
before leaving it. In addition, the streamline path shows the presence of
a significant negative w component which causes the azimuthal deviation
of the streamline from the radial direction.

As discussed before, the relative positioning of positive and negative
azimuthal velocity regions is of fundamental importance to make predic-
tions about the life of an annular vortex. Hence, it is particularly in-
teresting to focus the attention about the contour distribution of w over
the isosurfaces. The side of annular vortex with radius equal to 1.5D
located at y/D ∈ [0.5, 1.5] is characterised by negative w values as shown
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Figure 4.23: Three-dimensional representation of instantaneous flow fields
of the swirling jet (S = 0.23) suspended at H/D = 2 over a flat wall. The
contoured isosurface corresponds to Q = 0.3. The left colorbar is related
to azimuthal component of velocity. The grey isosurfaces are related to
u/U0 = 0.1. The second colorbar is related to temperature fluctuation.
The red and grey streamlines start from two concentric circumferences
located at x = xWHB centred on the jet axis and of radii respectively equal
to 0.2D and 0.75D.
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by the thick black marked streamline (figure 4.23a). On the other side,
the annular vortex is experiencing a positive w velocity (red contoured
isosurface located at y/D ∈ [1.5, 2.5]). As reported in figure 4.22, this is
the short life condition for a vortex. Indeed, it is noticeable the incoming
separation in the vortical structure.

Because of the break up of the structures in the current snapshot, it
is hard to find large positive u regions (grey isosurfaces). On the other
hand, it is worth noting that, also at large distance from the impingement,
the black streamlines located at z = zWHB show that the fluid is dragged
towards the wall because of the entrainment phenomenon. This suggests
that the flow field is dominated by the entrainment phenomenon which
acts the main role with respect to the fluid suction from the wall provided
by the small positive u regions.

The temperature fluctuation map located below in figure 4.23a pro-
vides additional information about the temperature contribution given by
each vortical structure. In proximity of the impingement centre the pos-
itive fluctuation values suggest that, with respect to the time-averaged
value, the jet mainly feeds this region bringing new hot fluid. Mov-
ing away from the origin, it is worth noting the presence of two spots
at opposite fluctuating values. The region located at {y/D × z/D} ∈
{[1.5, 2.5]× [0, 0.5]} can be ascribed to the presence of the annular vortex
and to the related positive u region. The black streamlines located on the
wall at z = zWHB show the counter-clockwise rotation of the main vortex
and the drag effect involved by the u positive region. The other vortical
structures which are not strong enough to drag fluid from the wall are
characterised by negative temperature fluctuation values thus suggesting
that the entrainment acts the main role in these cases.

Figure 4.23b shows a different self-organisation of the fluid flow. The
snapshot reports three concentric annular vortices located at 1D of dis-
tance between one to each other. All of them are characterised by the
presence of large positive u regions related to the drag effect caused by
the annular vortices.
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A particularly interesting phenomenon is the interaction between the
two annular vortices located away from the impingement centre. A pos-
sible explanation is that the bigger vortex, which is located farther from
the origin, is moving slower because of its large dimensions. Hence, the
vortex closer to the origin, which is smaller, moves faster, and rapidly
reaches the bigger one. The resulting interaction between the vortices
provides a single structure which moves even slower but which is more
unstable. Additional information can be deduced from the black stream-
lines in y/D ∈ [1, 3] located at z = zWHB on the contoured boundary of
the investigation volume. Two interacting rolling vortical structures can
be identified at 2D and 2.5D from the origin. The upward u contribution
provided by the first ring-shaped vortex directly feeds the following one.
The second annular vortex pushes downward the fluid at upstream loca-
tion. At downstream location, the same vortex pushes upward the fluid
which is passed below the vortex. In addition to such a complex dynam-
ics, there exists a thin layer of fluid that runs below the two vortices and
which is never dragged upward from the wall.

Increasing the swirl ratio from low (S = 0.23) to moderate (S = 0.43)
values involves different phenomena which were too weak to be observed
in the previous cases. In figure 4.24a it is noticeable a spiral vortical
structure which is cut by the x = xWHB plane. The simultaneous presence
of such a kind of vortex and a ring-shaped one, both located in prox-
imity of the impingement centre (r/D < 0.5), causes their interaction.
The spiral vortex rapidly deviates from the jet axis immediately adapt-
ing to the wall direction. Such a vortical structure can be ascribed to
the precessing vortex core related to the swirling jet. Within 0.5D from
the impact, the spiral vortex hits the annular vortex which is about to
detach. This results in the gathering of the two structures. Another
bigger and ring-shaped vortical structure is located at r/D = 2.5. Its
size can be identified looking at the black streamlines on z = zWHB wall.
This structure is coupled with a large region characterised by positive u
which is strong enough to generate a smaller vortical structure located
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immediately downstream (z/D < −1.5).

Particularly interesting is the behaviour of the coloured streamlines
in the volume included in y/D ∈ [−0.5, 0.5]. The grey ones pass below
the large annular vortex and suddenly roll up because of the positive u
region. On the other hand, the red ones, which belong to the internal
circumference, are not affected by the uprising flow but they proceed
undisturbed along the wall. This phenomenon can be explained referring
to the location of the starting point of the streamlines. In this case, the
red and the grey streamlines depart from two circumferences having radii
equal to 0.5D and 1D respectively. As it can be noticed, they are larger
than in the previous discussed cases to take into account the spreading
of the jet with the increase of the swirl number. As a matter, the red
ones, which are related to the vortex core, belong to the part of the flow
which is continuously pushed down to the wall during its path away from
the impact. In the reported snapshot the entrainment phenomenon is
much more important than in the previous snapshots discussed. This can
be deduced from the temperature fluctuations spots which are mainly
negative all over the field of view.

Figure 4.24b shows a snapshot in which three relevant phenomena are
involved: a recirculation region located in correspondence of the jet axis,
a double spiral vortical structure and the gathering of two annular struc-
tures. The first phenomenon is noticeable thanks to the grey isosurface
located in proximity of the origin. As confirmation of the spatial exten-
sion of this region, some of the more internal streamlines are noticeably
distorted and curve toward the jet core instead of radially spread. This
is the first case in which a recirculation bubble reaches the wall. The
presence of this recirculation region could be caused by the simultaneous
effect of the impact and of the swirling motion. This region brings high
mixing contribution as it can be noticed by the random distribution of
the high absolute values of temperature fluctuations.

The double spiral vortical structure reported is cut by x = xWHB plane.
Such a structure can be ascribed to the precessing vortex core which
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Figure 4.24: Three-dimensional representation of instantaneous flow field
a jet (S = 0.43) suspended at H/D = 2 over a flat wall. The contoured
isosurface correspond to Q = 0.3. The left colorbar is related to azimuthal
component of velocity. The grey isosurfaces are related to u/U0 = 0.1.
The second colorbar is related to temperature fluctuation. The red and
grey streamlines start from two concentric circumferences located at x =
xWHB centred on the jet axis and of radii respectively equal to 0.5D and
D.
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interacts with the wall. The double spiral is smoothly deflected by the
presence of the wall and the spiral begins to widen increasing its radial
extension over 0.5D.

The last phenomenon noticeable in the snapshot is the interaction
between two annular vortices. The larger one, which is near to the impact,
is characterised by two sections of different thickness. The first one is
coupled with multiple positive u regions, the second one interacts with
another half ring-shaped vortex located in the nearby. The interesting
result is that the two thin vortices generate such a strong interaction that
they appear as a single vortical structure as it can be noticed by the black
streamlines on z = zWHB wall.

A further increasing of the swirl ratio (S = 0.61) allows to better
identify some of the typical vortical structures involved in a swirling jet.
Figure 4.25a reports three main phenomena: two spiral vortices, a recir-
culation region and the break up of other two vortical structures. The
double spiral vortex, which can be ascribed to the precessing vortex core,
is located in proximity of the impingement. Such spiral vortices surround
a recirculation region.

The two annular vortices, located at 1.5D and 3D from the origin,
show a partial breakdown probably caused by the presence of gradients
in the azimuthal velocity component. Because of the poor coherence of
such vortical structures, the positive u regions are not as large as in the
previous discussed cases.

The black streamlines located on z = zWHB plane show a large vortex
which extends from y/D = 0.5 to y/D = 2. Such a vortex provides a
strong contribution to the entrainment phenomenon.

As a result of the combination of the spiral vortices and of the annular
vortices, the temperature fluctuations distribution is split in two regions:
one half, located at positive y, is characterised by positive temperature
fluctuations, the other, located at negative y, is characterised by negative
ones. The first is clearly related to the jet contribution while the second is
due to the entrainment contribution which feeds the flow with cold fluid.
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Figure 4.25: Three-dimensional representation of instantaneous flow fields
of the swirling jet (S = 0.61) suspended at H/D = 2 over a flat wall. The
contoured isosurface corresponds to Q = 0.5. The left colorbar is related
to azimuthal component of velocity. The grey isosurfaces are related to
u/U0 = 0.1. The second colorbar is related to temperature fluctuation.
The red and grey streamlines start from two concentric circumferences
located at x = xWHB centred on the jet axis and of radii respectively equal
to 0.5D and D.
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The coloured streamlines show the behaviour of the flow field across
the investigation volume. The red streamlines, which depart from a cir-
cumference of radius 0.5D located on x = xWHB, show the significant
rotating motion present in proximity of the vortex core. On the other
hand, the grey streamlines, which depart from a circumference of radius
D located on x = xWHB, are less affected by the rotating motion which
rapidly decays after 1.5D.

The snapshot reported in figure 4.25b shows how the flow field gener-
ated by a swirl number equal to S = 0.61 can provide enhanced mixing
performances at big distance from the impingement centre. This can be
explained referring first, to the flow field organisation and then, to the
temperature fluctuation map.

The topology of the flow field is not much different from before. A
spiral vortex and a recirculation region interacts in proximity of the im-
pingement centre. In this case, the red streamlines are not heavily dis-
torted. On the other hand, the grey streamlines show an heavy distortion
caused by the annular vortex. They are significantly deviated from the
wall direction and they roll up in correspondence of the positive u region
in the volume included in y/D ∈ [−0.5, 0.5]. It is worth noting that such
streamlines proceed for long distance away from the impingement. Such
a behaviour explains the reason why the temperature fluctuations map
is characterised by low values at large distance from the impingement.
Hence, it is the result of the combined effect of both, the mixing acted
by the spiral vortex in proximity of the impingement, and the cold fluid
feeding role provided by the entrainment.

The last swirl ratio investigated corresponds to S = 0.74. The snap-
shot reported in figure 4.26a shows the highly turbulent character of such
a flow field. The double spiral vortex is, in this case, completely dissolved
after the impact, thus it is not easily recognisable as in the previous cases.
As a consequence, in proximity of the impingement centre, there are small
vortical structures which cannot be associated at specific patterns.

In the snapshot, two annular vortices are reported. They are located
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Figure 4.26: Three-dimensional representation of instantaneous flow fields
of the swirling jet (S = 0.74) suspended at H/D = 2 over a flat wall. The
contoured isosurface corresponds to Q = 0.3. The left colorbar is related
to azimuthal component of velocity. The grey isosurfaces are related to
u/U0 = 0.1. The second colorbar is related to temperature fluctuation.
The red and grey streamlines start from two concentric circumferences
located at x = xWHB centred on the jet axis and of radii respectively equal
to 0.5D and D.
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at a distance of 0.5D one from the other. The vortex located closer to
the origin experiences heavy distortions because of gradients in the az-
imuthal velocity component. The farther one is coupled with some small
positive u regions located downstream to the vortex. As discussed be-
fore, the annular vortical structures, which travel close together, appear
like a single vortical structure to the main flow. This is confirmed by
the black streamlines on z = zWHB wall which show a large vortical struc-
ture which extends from y/D = 1.5 to y/D = 3. In this case, both
the red and the grey streamlines proceed along the wall showing slight
distortions from a radial straight path. The temperature fluctuations
map faithfully imitates the annular organisation of the flow field: neg-
ative and positive ring-shaped temperature fluctuation regions alternate
at r/D = 1.5, 2, 2.5.

The snapshot reported in figure 4.26b shows the occurrence of a large
recirculation region located in correspondence of the jet axis. In this case,
the red streamlines are significantly distorted. Particularly interesting is
the huge vortical cluster located at 1D which extends to 2D. It appears
to be the result of the interaction of two or more annular vortices. The
structure presents several swellings which extend outward of the main
body. Each of them is characterised by a strong w gradient. At this stage
two scenarios are equally possible: all of them are going to suddenly
breakdown or they are just unsteady small instabilities characteristic of
the chaotic motion included in the cluster. The temperature fluctuations
map shows, also in this case, two ring-shaped regions respectively located
at r/D = 1.5 and r/D = 2. The first one is characterised by negative fluc-
tuation values and it is located in correspondence of the vortical cluster.
The second one, mainly characterised by weak positive fluctuation values,
is located in correspondence of the small u region included between the
cluster and the annular-shaped vortex located at 2D from origin.

In the following, the POD technique is applied to both quantities
acquired in the impinging configuration for two swirl numbers (S = 0
and S = 0.61) in order to extract the main vortical features involved in
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the velocity flow field and the patterns of the thermal field those contain
the largest amount of energy.

4.2.7 POD analysis of the velocity flow field

Figure 4.27 reports the energetic contribution of the POD modes related
to the velocity field of an impinging swirling jet for two different swirl
number: S = 0 and S = 0.61. In the inset the cumulative sum of the
energetic contributions is reported. The first four modes are selected and
discussed.

In figure 4.28 the Q isosurfaces of the first four POD modes are re-
ported. They are represented two by two in descendent order of energy
content. The most energetic mode of the couple is contoured in red,
while the less energetic one is coloured in blue. As it can be noticed, the
first two modes (figure 4.28a) are characterised by three main vortical
structures. They are all located in the region far from the impingement
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Figure 4.27: Energetic contribution of the POD modes versus the mode
number in the velocity fluctuations basis for the no swirling case (black
line) and the swirling case corresponding to S = 0.61 (red line). The inset
shows the cumulative sum of the energetic contributions.
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Figure 4.28: Q isosurfaces of the first four POD modes of the velocity
field of an impinging circular jet: a) 1st and 2nd POD modes (respectively
in red and blue colour): 6.65% of total energy; b) 3rd and 4th POD modes
(respectively in red and blue colour): 5.24% of total energy.

(r/D ∈ [1.5, 4]) and they contain about 6.5% of total energy included in
the sampled snapshots. The isosurfaces are spaced each 0.5D one from
each other and they show a reduction in size at regions farther than 2.5D
from the origin. It is worth noting that all the isosurfaces reported in this
section were obtained with the same threshold value.

The third and the fourth modes (figure 4.28b) are characterised by a
ring-shaped pattern organisation. In this case, the spacing between two
consecutive structures belonging to a single mode is smaller with respect
to the spacing characteristic of the first two modes. In addition, the
structures are significantly smaller in thickness. This suggests that the
third and the fourth modes are related to vortical disturbances which are
characteristic of a higher radial spatial frequency.

In conclusion, the first four modes presented are representative of the
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Figure 4.29: Q isosurfaces of the first four POD modes of the velocity
field of an impinging swirling jet (S = 0.61): a) 1st and 2nd POD modes
(respectively in red and blue colour): 11.46% of total energy; b) 3rd and
4th POD modes (respectively in red and blue colour): 8.14% of total
energy. In each inset the top view of the related sub-figure is reported.

flow field development along the wall once the flow has deviated from the
vertical direction.

The introduction of a non-zero swirl number (S = 0.61) significantly
affects the flow field of an impinging jet. Due to the additional complexity,
two views will be presented of the first four POD modes (figure 4.29).
Each inset reports the top view of the related sub-figure. All vortical
structures identified have a ring-shaped pattern. In addition, they are all
located in proximity of the impingement region.

The first two modes reported in figure 4.29a are representative of about
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11% of the total energy included in the snapshots sampled. The two rings
have the same radius which is equal to D. They can be explained as the
consequence of the interaction of the precessing vortex core with the wall.

The second couple of modes shows a different behaviour (figure 4.29b).
A thinner annular-shaped pattern is located at 0.5D while another vor-
tical pattern is located at r/D ∈ [1, 2]. Hence, the structures included
within the nozzle extension can be ascribed to the inner secondary vortex
impacting on the wall, the larger ones are related to the outer secondary
vortex which significantly increases its radius to smoothly interact with
the wall.

4.2.8 POD analysis of the thermal field

The POD analysis of the thermal footprint of an impinging swirling hot jet
exhausting in a cold ambient is discussed in the following. Two different
swirl numbers are investigated: S = 0 and S = 0.61.

In the present experimental apparatus, the assumption according to
which the temperature in proximity of the jet impingement is constant
during the whole duration of the thermal acquisition (about 75s) is not
correct. For this reason, it is fair assuming the presence of a slight temper-
ature drift. Due to the complex dynamics involved, it cannot be corrected
with standard detrending methods. However, such a temperature drift
significantly affects the POD modes and their energy ranking. Hence, for
both the swirl numbers presented, the POD modes, related to tempo-
ral coefficients whose linear regression is characterised by a non-zero first
derivative, will be neglected in the following discussion.

Given the round shape of the nozzle, it is fair assuming an azimuthally
independent thermal field. Hence, the field of view is cropped to a square,
centred on the impingement centre. In order to better identify the main
thermal features, a circular blanking mask, centred on the impingement
centre, is applied to the data set. Then, in order to increase the number of
snapshots employed in the POD analysis, the blanked data set is rotated
three times around the impingement centre, identified with sub-pixel ac-
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Figure 4.30: Energetic contribution of the POD modes versus the mode
number in the thermal fluctuations basis for the no swirling case (black
line) and the swirling case corresponding to S = 0.61 (red line). The inset
shows the cumulative sum of the energetic contributions.

curacy. Each rotation is equal to a quarter of a round angle. These four
sets of matrices are stacked in a single 3D matrix and this is assumed
as the new matrix of the snapshots. As a consequence, the number of
snapshots used to operate the POD analysis is multiplied by four.

Figure 4.30 shows the energy contribution of the POD modes, which
is significantly different for the two swirl numbers investigated.

Figure 4.31 reports the first six POD modes of the thermal footprint
of an impinging circular hot jet exhausting in a cold ambient. The modes
are respectively representative of 2.94%, 2.94%, 1.93%, 1.90%, 1.35%,
1.35% of the total energy included in the snapshots analysed.

As it can be noticed, all patterns are characterised by high spatial
coherence. The first two modes (figure 4.31a and figure 4.31b), which
contain about 6% of the total energy, are characterised by the presence
of two large patterns having spatial period equal to half of the perimeter
of the circumference investigated. All the next coupled modes (figures
4.31c-f) are representative of the upper harmonic components of the first
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Figure 4.31: First six POD modes of the thermal field of an impinging cir-
cular jet. The modes related to the temperature drift are neglected. The
modes contain respectively 2.94%, 2.94%, 1.93%, 1.90%, 1.35%, 1.35% of
the total energy included in the snapshots analysed.

two modes. It is worth noting that, all features reported in figure 4.31
are located at the same distance from the impingement, i.e. r/D = 2.25,
which corresponds to the location of the secondary vortex in an impinging
circular jet. Hence, these structures are representative of the highest
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Figure 4.32: First six POD modes of the thermal field of an impinging
swirling jet (S = 0.61). The modes related to the temperature drift are
neglected. The modes contain respectively 4.65%, 4.65%, 1.86%, 1.86%,
1.81%, 1.74% of the total energy included in the snapshots analysed.

energetic contributions of the secondary vortical structures generated on
the wall. For this reason, the secondary vortex can be assumed as the
main actor of the underlying non-linear thermal dynamics.

In figure 4.32 the first six most energetic POD modes corresponding
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to S = 0.61 are reported. The patterns shown in this case are much
different from the no swirling case.

The first two modes (figure 4.32a and figure 4.32b) are representative
of the rigid rotation of the whole thermal pattern. The second coupled
modes (figure 4.32c and figure 4.32d) suggest the simultaneous influence
of the precessing vortex core and of the outer secondary vortex. The
patterns associated to PVC are those located in proximity of the origin.
They can be enveloped in a circle of radius equal toD. On the other hand,
the patterns located at 2D from the origin are related to the OSV. The
last two modes reported (figure 4.32e and figure 4.32f) have a dominant
radial extension. This suggests that such patterns can be associated to
the wall jet influence on the thermal fluctuation displacement.

4.3 Velocity and temperature correlations

The POD analyses reported above do not investigate the mutual influence
of the two quantities measured. Hence, the results presented are not
suitable to recognise a correlation between the two unsteady dynamics.
As a matter, in the following two different correlation techniques will be
applied in order to identify the features of the flow field which can be
ascribed as the main actors of the thermal dynamics.

The correlations will be presented investigating different ranges of
influence between the two measured quantities. As first, the mutual re-
lationship between the quantities will be investigated through by the ap-
plication of Extended POD (EPOD) technique (Borée, 2003). Such a
modal decomposition technique assures that, given a common functional
temporal basis, the modes extracted and the energy associated, will be
representative of the main features involved and of their relative impor-
tance in the mutual influence between the two quantities.

The second analysis presented is the correlation between the thermal
field and the closest to the wall slice of the velocity volume.
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4.3.1 Extended Proper Orthogonal Decomposition

The Extended POD technique (Borée, 2003; Maurel et al., 2001) takes
advantage of information provided by the two quantities simultaneously
measured. As a matter, one of the key features of the present measure-
ments is their synchronisation in time and the knowledge of relative posi-
tioning between the thermal and the velocity frames. Hence, the purpose
of the application of such a technique is to find some significant global
correlation between the thermal and the velocity field.

The fundamental assumption of such a procedure is that the two mea-
surements share the same temporal correlation coefficients matrix. Hence,
at this stage no assumption is needed about the relative positioning of
the two frames.

Figure 4.33 reports the energetic contribution of the first thousand
EPOD modes related to S = 0 (black line) and S = 0.61 (red line).
The inset image is representative of the cumulative sum of such energetic
contributions. As it can be noticed, the two curves do not monotoni-
cally decrease. This is a direct consequence of the application of such a
decomposition method. In contrast with the energy-ranked modes organ-
isation of POD technique, in this case the energetic contribution of each
mode provides an estimation of the correlation degree existing between
the thermal and the velocity fields.

As it can be noticed, the maximum energetic contribution percent-
ages reported does not overcome 2%. This can be explained assuming
that the temporal correlation matrix related to the two measured quan-
tities is poor. Hence, it is fair thinking that a local correlation exists.
For this reason, taking advantage of the relative positioning of the two
frames, local correlation techniques could be applied to get deeper in the
relationship between the two dynamics.
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Figure 4.33: Energetic contribution of EPOD modes in the velocity basis
versus the mode number for the no swirling case (black line) and the
swirling case corresponding to S = 0.61 (red line). The inset shows the
cumulative sum of the energetic contributions.

4.3.2 Partially global correlations

The normalised correlation coefficient is a dimensionless statistical quan-
tity that estimates the strength of the relationship between the relative
movements of the two variables (φ , Φ + φ′ and ψ , Ψ + ψ′) from their
average along a specified dimension. As previously defined, the capital
letters indicate the time-averaged quantities, the lower-case letters with
apex indicate the fluctuating quantities.

In the present case, the two variables are the temperature fluctua-
tions map and one of the three velocity fluctuations extracted from the
lowest slice of the three-dimensional distribution. Hence, the normalised
correlation coefficient is defined as follows:

Cρ(xWLB, y, z) =
∑

t∈Tsync

(φ′(x, y, z, t), ψ′(y, z, t))
σφ(x, y, z)σψ(y, z)Nobs

, x = xWLB,∀(y, z) ∈ Ω

(4.4)
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Figure 4.34: Normalised correlation maps between the slice of velocity
volume closest to the wall and the temperature map for an impinging
circular jet. a) Cρ

(
u′(xWLB, y, z), T ′(y, z)

)
, b) Cρ

(
v′(xWLB, y, z), T ′(y, z)

)
.

where (·, ·) indicates the dot product along the time dimension, σ(·) refers
to the standard deviation of the variable in brackets, Ω is the projection
along the x direction of the field of view shared by thermal and velocity
measurements, Tsync is the time duration of the synchronised test, Nobs

is the number of observations employed. Such a quantity has a range of
values bounded by 1 on an absolute basis.

Figure 4.34 reports the correlation maps related to the no-swirl case.
The first frame (figure 4.34a) shows the correlation map between the
fluctuations of the axial velocity component and the fluctuations of the
temperature. The distribution presented identifies a high and positive
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correlation annular region at radial distance r/D ∈ [2, 3]. This region
coincides with the high fluctuation region for an impinging circular jet.
A positive correlation value can be obtained when the fluctuations are
positive or negative for both quantities. In the first case, a recirculation
region related to the flow field corresponds to fluid spots which are hotter
than the average value of temperature. The second case is possible when
cold fluid spots impact on the wall. This can be ascribed to the entrain-
ment phenomenon which drags new fluid toward the direction of the jet
axis. Both of these phenomena are possible and they can be both related
to the mixing phenomena occurring approximately at 2.25D from the
origin. This is in accordance with the location of maximum of standard
deviation of temperature profile reported in figure 4.14.

Another annular region is noticeable in the correlation map. It is
located at the boundary of the investigation domain. Such a high neg-
ative correlation region located at 4D from the origin suggests a dual
phenomenology. In this case cold spots of fluids are in correspondence of
recirculation regions or, vice versa, hot fluid spots are impacting the wall.
These two phenomena are not equally possible. As a matter, the first oc-
currence is a consequence of the residual annular structures moving away
from the impinging centre (figure 4.20). They continue raising up fluid
from the wall which is issued by jet hot fluid. On the other hand, the
second possibility is very difficult to occur. As a matter, this would mean
that hot spots belonging to the jet are impacting again far away from the
impingement centre.

The radial component of velocity shows a different overall behaviour
(figure 4.34b). A large high positive correlation region can be identified
in proximity of the impact. Such a region has radius equal to 2D and
identifies the location where the radial component of velocity fluctuations
is positive in correspondence with positive thermal fluctuations. The op-
posite condition, occurrence of cold fluid spots moving toward the impact,
would be not physical due to the proximity to the impingement region.

Another characteristic zone is noticeable, it is located at radial dis-
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tance r/D = 3 from the origin. This highly negative correlation region
suggests two possible occurrences: negative thermal fluctuation regions
which are unsteadily pushed away from the impact or positive thermal
fluctuation regions which are unsteadily dragged back to the impact. The
first of these explanations appears to be fairer because of the correspon-
dence of such a region with the high fluctuation region located at 2.25D
from the impingement for a no swirling jet.

The superimposition of a tangential motion to a circular jet involves
different behaviours with respect to the previous case. Figure 4.35a shows
the correlation Cρ(u′, T ′) for an impinging swirling jet (S = 0.61). The
correlation map related to the axial component of velocity fluctuation
is characterised by two concentric regions. The smaller one, which has
radius equal to 1.5D, is characterised by negative correlation values. It
can be ascribed to the precessing vortex core which brings hot portions of
fluid towards the wall. On the other hand, the large positive correlation
annular region located at radial distance r/D = 2.25 from the origin
demonstrates that the contribution to correlation of axial component of
velocity fluctuations provided by a swirling flow is comparable with the
conventional case.

A significant difference from the no swirling case can be noticed in the
correlation map related to the radial component of velocity fluctuations
(figure 4.35b). As a matter, the superimposition of a tangential motion
causes the occurrence of two regions, a negative one located in proximity
of the impact and a positive one located at radial distance within the
range r/D ∈ [2, 3.5]. The first region can be ascribed to a recirculation
bubble which makes positive temperature fluctuation spots to unsteadily
move backward to the impingement. The second region shows positive
correlation values far from the impact. This can be ascribed to portions of
fluid characterised by positive temperature fluctuations which travel along
the wall passing below the annular vortical structures crawling away from
the impact.

Figure 4.35c is representative of the correlation between the fluctua-
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Figure 4.35: Normalised correlation maps between the slice of ve-
locity volume closest to the wall and the temperature map for an
impinging swirling jet (S = 0.61). a) Cρ

(
u′(xWLB, y, z), T ′(y, z)

)
,

b) Cρ
(
v′(xWLB, y, z), T ′(y, z)

)
, c) Cρ

(
w′(xWLB, y, z), T ′(y, z)

)
.
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tions of azimuthal component of velocity and the temperature fluctuations
(Cρ(w′, T ′)). It is worth remembering that the swirling sense imposed
has clockwise orientation in the reference system adopted (figure 3.10).
Hence, referring to the w′2 distribution reported in figure 4.13, it is possi-
ble to relate the large negative correlation region with the radial extension
of the positive value assumed by the w′2. As a matter, hot portions of fluid
are characterised by clockwise azimuthal fluctuations of velocity. The no-
ticeable large positive correlation region located far from the origin can
be ascribed to a residual effect of the entrainment of cold fluid at large
distance from the impingement.
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In the present work time-resolved Tomographic PIV and Infrared ther-
mography are simultaneously applied to investigate the effect of low to
high swirl number on the mixing and the transport of passive scalars in
an impinging hot jet exhausting in a cold ambient.

A custom swirl generator is designed to satisfy three different require-
ments: fine tuning of the swirl ratio, fast switching among different swirl
numbers, absence of features in the flow which resemble the swirl gener-
ation method. The device includes three 3D-printed components, two of
them build the housing of the swirl generator which is a disk with equally
spaced vanes.

The experimental setup designed to test such a device is a water fa-
cility made of two tanks at different temperatures. The tank which feeds
the swirl generator is filled with hot water, the other, in which the test
is conducted, is provided of a visible and IR transparent optical access
on the bottom which acts as impingement surface. Such an experimental
arrangement is suitable to simultaneously acquire the three-dimensional
flow field and the thermal footprint of the swirling impinging jet.

The time-averaged velocity profiles for nine vane angles are investi-
gated in proximity of the nozzle. Then, the swirl number S related to
each of the swirl generator designed is estimated applying the most gen-
eral definition of swirl number (Toh et al., 2010). The swirl number in-
creasing affects all the components of the velocity. The axial component
of velocity experiences a gradual defect along the jet axis. The jet spread-
ing becomes significant from moderate (S = 0.43) to high (S = 0.74) swirl
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numbers. The azimuthal velocity component and the circulation profiles
show a strong dependence of the swirl numbers on the vane angles.

The unsteady three-dimensional behaviour of the flow field in prox-
imity of the nozzle is reported for five of the swirl generators designed.
The vortical structures completely change with the introduction of a weak
swirling motion (S = 0.23): a spiral pattern embraces a central vortical
column. Increasing the swirl number from low to moderate (S = 0.43)
values, the vortical structure becomes thicker and the vortex core begins
to be significantly affected by the spreading. The snapshots related to
the last two swirl numbers presented (S = 0.61 and S = 0.74) show an-
other typical vortical structure involved in the free flow of a swirling jet:
the precessing vortex core (Cala et al., 2006). Such a structure rotates
around the jet axis in-phase with the outer vortex. The high rotation
ratio causes the occurrence of a recirculation region aligned with the jet
axis.

The application of the POD analysis on the free flow field of a swirling
jet shows the three most energetic features involved: the precessing vor-
tex, the inner secondary vortex and the outer secondary vortex.

In the second part of the thesis, the impinging configuration of a
swirling jet is investigated. The time-averaged velocity fluctuation profiles
at the wall show the formation of a recirculation bubble in proximity of
the impact region. The size of such a region non-linearly depends on the
swirl number. The time-averaged temperature fluctuation profiles suggest
that the mixing performances of a swirling jet are significantly higher than
those provided by a conventional jet. In addition, the maximum location
of the temperature fluctuations significantly moves depending on S.

Additional information about the mixing performances of an imping-
ing swirling jet can be deduced from the time sequences of temperature
fluctuations at several stations from the impingement centre. A conven-
tional no swirling jet shows poor mixing performances until 1.5D. On
the other hand, the swirling motion is demonstrated to be an entrain-
ment trigger since 0.8D from the impingement centre. The mixing per-
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formances driven by the swirling motion are clearly highlighted by the
temperature fluctuation time sequences estimated at the radial distance
of 2.3D. At this stage, S = 0.61 shows the best mixing performances.

Taking advantage of the displacement in time of temperature fluctua-
tion regions, thermal images are processed with a cross-correlation algo-
rithm. Such a procedure provides the time-averaged profile of the radial
component of velocity at x = 0.01D from the wall. The comparison of
such a distribution with V component extracted from the lowest height
of Tomographic PIV volume for S = 0 case provides the approximate
behaviour of velocity profiles along the radial direction. The radial veloc-
ity evaluated by PIV technique experiences a significant acceleration at
0.65D from the impact. Such a velocity variation is smoothly transmitted
to the thermal field.

The discussion about the unsteady behaviour of an impinging jet is
completed by the three-dimensional visualisation of the vortical structures
involved. In correspondence of the velocity field, the simultaneously ac-
quired fluctuation map is reported. The no swirling jet is characterised
by ring-shaped vortical structures. Several recirculation regions are no-
ticeable. Significant temperature fluctuation values are all located farther
than 1.75D from the origin.

The introduction of a swirling motion increases the extension of the
recirculation regions downstream of the ring-shaped vortices. In addition,
it is noticeable the occurrence of regions which tend to rotate in opposite
sense. The distance that the ring-shaped vortices can travel away from the
impingement centre strongly depends on such local azimuthal component
gradients.

In order to identify the main features of the two separate fields, the
POD analysis is applied to the impinging configurations for two swirl
numbers: S = 0 and S = 0.61. At first, the POD analysis of the velocity
field is performed. The modes related to the no swirling case show to have
a ring-shaped vortical structure. They are located at radial distances of
1.5D from the origin. On the other hand, the swirling case shows more
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energetic vortical structures mainly located in proximity of the impact
region.

The POD analysis of the thermal data is performed on a squared
frame with the application of a circular blanking mask in order to better
identify the main features involved. The patterns related to the modes
of a no swirling jet show to be mainly located at 2.25D from the origin.
Such a location corresponds to the secondary vortex in a conventional
impinging jet. On the other hand, the patters related to the modes of the
thermal field of an impinging swirling jet can be ascribed to three main
features: the rigid rotation of the whole thermal pattern, the simultaneous
influence of the PVC and of the OSV, the displacement of the thermal
fluctuation regions along the radial direction.

The analyses discussed above do not take advantage of the synchro-
nisation and of the relative positioning of the frames related to the two
measured quantities. The assumption of simultaneous acquisition is used
to apply the Extended POD technique. The results show poor global
correlation between the two data sets. This suggests that the two phe-
nomena produce a poor temporal correlation matrix. Hence, a different
local correlation logic is applied: the normalised correlation coefficient
maps between the temperature fluctuations and all components of ve-
locity fluctuations located on the lowest slice of the velocity volume are
estimated. For the no swirling case a large high correlation region, re-
lated to the fluctuations of the axial velocity component, is located at
r/D ∈ [1.5, 2.5]. On the other hand, a high correlation region related to
the fluctuations of the radial component of velocity is located in proximity
of the impingement.

The correlation maps related to the swirling case show specific regions
of influence for each component of velocity fluctuation. The correlation
map related to the axial component of velocity fluctuations shows two
high correlation annular regions centred on the origin. The small one can
be ascribed to the PVC which brings hot portions of fluid towards the
wall. The large one, located at radial distance of 2.25D from the origin
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resembles the pattern provided by the conventional round jet.
The correlation map related to the radial component of velocity fluctu-

ation shows two characteristic regions. The small negative one, located in
proximity of the impact, can be ascribed to a recirculation bubble which
unsteadily acts to drag hot fluid backward to the impingement. The posi-
tive large one can be ascribed to portions of fluid characterised by positive
temperature fluctuations which pass below the annular vortical structures
crawling away from the impact.

The last correlation map reported, related to the azimuthal velocity
component fluctuations, shows a large high correlation region which, in
accordance with the non-zero time-averaged radial extension of the w′2

distribution, suggests that portions of fluid characterised by positive tem-
perature fluctuations are moved accordingly to the sense of swirl rotation.
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A Basic equations for the swirling jet

The theoretical description of the velocity distribution of a free swirling
jet is based on the Reynolds-averaged Navier-Stokes equations written in
a cylindrical inertial frame (x, r, θ). The reference system adopted is re-
ported in figure 1.13. The velocity components in cylindrical coordinates
will be denoted with (u, v, w). The following mathematical treatment,
adapted from Shiri (2010), is based on two fundamental assumptions:

• the mean flow is axisymmetric;

• the equations are written at large distances from the jet source.

The first assumption assures that the description of the flow field
can be operated by the investigation of the radial profiles of velocity.
Mathematically, this means that the azimuthal derivative of any averaged
quantity is identically equal to zero.

The second assumption assures that the time-averaging and ensemble
averages are the same in the limit of an infinitely long record and an
infinite number of members of the ensemble:

lim
Tobs→∞

1
Tobs

∫ Tobs

0
ψ dt = Ψ (A.1)

where Tobs is the period of the observation, ψ is a generic statistical
independent quantity involved in the flow field evolution and Ψ is the
time-averaged quantity. In the following, a flow field velocity component
distribution will be denoted with a lowercase letter, the capital letters
will indicate the time-averaged quantities, the apex on lowercase letters
will indicate the fluctuating quantities.

A.1 Mass conservation

In absence of mass sources, the continuity equation is the same for both
the swirling and the non-swirling jet. Assuming constant density flow,
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the Reynolds-averaged continuity equation is given by:

∂U

∂x
+ 1
r

∂

∂r
rV + 1

r

∂W

∂θ
= 0. (A.2)

Applying the condition that the flow is axisymmetric, the last term in
equation (A.2) is identically to zero, i.e. ∂/∂θ = 0. Thus the Reynolds-
averaged continuity equation results in:

∂U

∂x
+ 1
r

∂

∂r
rV = 0. (A.3)

A.2 Momentum conservation

For high Reynolds numbers, the viscous terms of the momentum
Reynolds-averaged-Navier-Stokes equations in cylindrical coordinates can
be neglected. In addition, assuming azimuthal symmetry, it can be shown
that such equations result in:

U
∂U

∂x
+ V

∂V

∂r
= −1

ρ

∂P

∂x
− ∂u′v′

∂r
− u′v′

r
−
{
∂u′2

∂x

}
(A.4)

−W
2

r
= −1

ρ

∂P

∂r
− ∂v′2

∂r
+ w′2 − v′2

r
−
{
∂u′v′

∂x

}
(A.5)

U
∂W

∂x
+ V

∂W

∂r
+ VW

r
= ∂u′v′

∂r
− 2u

′v′

r
−
{
∂u′w′

∂x

}
(A.6)

where P is the time-averaged static pressure. Typically, for a stationary
free jet the last terms in brackets of equations (A.4) to (A.6) are neglected
since they represent changes in the streamwise direction. The mixed
second-order moments can be reasonably neglected because smaller than
the pure ones. Equation (A.5) can be integrated from a radial value r to
∞ to explicitly write the pressure term:

1
ρ

[P (x, r)− P (x,∞)] = −
∫ ∞
r

W 2 +
[
w′2 − v′2

]
r̃

dr̃ − v′2 (A.7)
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where r̃ is the integration variable along the radial direction. In equa-
tion (A.7), W and all turbulence quantities are supposed to vanish at
infinite radius. Differentiating the equation (A.7) with respect to x, re-
sults in:

1
ρ

∂P (x, r)
∂x

= ρ
dP (x,∞)

dx
− ∂

∂x

∫ ∞
r

W 2 +
[
w′2 − v′2

]
r̃

dr̃− ∂v′2

∂x
. (A.8)

If it is assumed that no external flow is present, then dP (x,∞)/dx = 0.
Hence, substituting equation (A.8) into equation (A.4) yields the stream-
wise momentum equation:

U
∂U

∂x
+V ∂U

∂r
= −1

r

∂ru′v′

∂r
+ ∂

∂x

[v′2 − u′2]+
∫ ∞
r

W 2 +
[
w′2 − v′2

]
r̃

dr̃

 .
(A.9)

A.3 Integral equations of axial and angular momen-
tum conservation

In order to obtain the axial momentum in axial direction, the equa-
tion (A.3) should be multiplied by U and added to equation (A.9) yielding
to:

∂U2

∂x
+1
r

∂rUV

∂r
= −1

r

∂ru′v′

∂r
+ ∂

∂x

[v′2 − u′2]+
∫ ∞
r

W 2 +
[
w′2 − v′2

]
r̃

dr̃

 .
(A.10)

Then, multiplying by r, assuming that the swirl velocity and turbulence
second-order moments vanish at infinity, the integration in [0,∞) of equa-
tion (A.10) yields to:

d

dx

∫ ∞
0

[
U2 − W 2

2 + u′2 −
(
w′2 + v′2

2

)]
rdr = 0 (A.11)
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Integrating equation (A.11) from the origin to any streamwise station
yields the following streamwise momentum integral constraint on the mo-
tion:

M0 = 2π
∫ ∞

0

[
U2 − W 2

2 + u′2 −
(
w′2 + v′2

2

)]
rdr (A.12)

In order to obtain the angular momentum in axial direction the equa-
tion (A.3) has to be multiplied by W and then added to equation (A.6)
which yields to:

∂

∂x
UW + ∂

∂x
u′w′ = − 1

r2
∂

∂r

(
r2VW

)
− 1
r2

∂

∂r

(
r2v′w′

)
(A.13)

then multiplied to r2

∂

∂x

[
r2
(
UW + u′w′

)]
= − ∂

∂r

[
r2
(
VW + v′w′

)]
. (A.14)

The final momentum integral is obtained by integrating equation (A.14)
over r

d

dx

[∫ ∞
0

2π
(
UW + u′w′

)
r2dr

]
= −

[
2πr2

(
VW + v′w′

)]∞
0

(A.15)

with boundary conditions,

r = 0→ V = W = u′v′ = 0 (A.16)
r =∞→ U = W = u′v′ = v′w′ = 0. (A.17)

Hence, the right side of equation (A.15) vanishes:

⇒ −
[
2πr2

(
VW + v′w′

)]∞
0

= 0

and the left side of equation (A.15) yields:

d

dx

∫ ∞
0

2π
(
UW + u′w′

)
r2dr = 0 (A.18)
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Integrating, as before, from the origin to any streamwise location the
equation (A.18) yields the second constraint to the flow motion which is
the angular momentum integral:

Gθ = 2π
∫ ∞

0

(
UW + u′w′

)
r2dr. (A.19)

Hence, the two fundamental integrals reported in equations (A.12)
and (A.19) represent the basic scaling parameters of a swirling motion.
The first is the total rate of transfer of kinematic linear momentum across
at generic location x. Since there are no net forces other than pres-
sure which are taken into account in equation (A.12), Mx is constant
and remain equal to its source value M0 for all downstream positions
(Mx(x) = M0).

The second parameter Gθ is the rate at which kinematic angular mo-
mentum is distributed across any downstream plane. Like the linear mo-
mentum, this parameter should remain constant at its source value G0

since in an infinite environment there are no torques acting on any con-
trol volume containing the source plane. Therefore, a length scale can be
defined

L∗ = G0

M0
(A.20)

which can be referred to the nozzle radius D/2 yielding to

S = 2G0

M0D
(A.21)

which is the usual swirl number definition in case of top-hat velocity
profiles.
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B Proper Orthogonal Decomposition

The availability of large datasets extracted from Direct Numerical Sim-
ulations (DNS) or from high spatial and temporal resolved snapshots
acquired during experiments has the big potential to provide additional
information in case of much complex flow phenomena. In this frame, the
modal decomposition methods are efficient to reduce the dimensionality
of a problem dividing the phenomena into basic components.

The Principal Component Analysis (PCA) was introduced to re-
duce dimensionality of large multi-dimensional data sets (Hotelling, 1933;
Pearson, 1901). In the next years, different names were given depend-
ing on the field of application: Singular Values Decomposition (SVD),
Karhunen–Loève (K-L) expansion and Proper Orthogonal Decomposition
(POD). As a matter, they represent the solution to the same problem (Y.
Liang et al., 2002) and the most recently accepted name is the last one
mentioned.

One of the main advantages of POD is that it does not require to know
the government equations of the phenomenon under investigation. This
makes the modal decomposition suitable for a variety of fields, among
them the study of turbulence. The first application of POD was the mul-
tivariate analysis of stochastic processes. Lumley (1967) demonstrated
that the POD was objectively able to define coherent structures in tur-
bulent flows. He showed that these can be detected as the most energetic
spatial modes, thus ones which mostly contribute in variance to the ac-
quired samples. For this reason, the POD spectrum is considered “opti-
mum” because the variance in the POD-defined space decays faster than
in any other vectorial space.

The practical implementation of a computationally efficient method
for POD modes calculation was designed by Sirovich (1987). The method
involved the use of a set of snapshots of the flow field. The modes are
thus calculated as the projection of the flow field on the eigenfunctions
of the temporal two-point correlation matrix. In this approach, the POD
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is used to identify a set of orthonormal functions which are the “opti-
mum” to correlate with a given set of observations. As it is defined, the
method, called snapshot method, is especially suited for field measure-
ments provided by numerical simulations or Particle Image Velocimetry
(PIV) snapshots. As a matter, both of them provide a large eulerian grid
for a limited number of frames.

B.1 Mathematical framework

In the following mathematical treatment, adapted from Raiola (2017),
the bi-orthogonal decomposition of Aubry et al. (1991) will be adopted.
Hence, a large time sample of a dynamical system varying both in space
and time will be considered. As stated before, the observations can be
provided by experimental measurements or by a numerical solution of a
generic vector field acquired at different time instants.

Let consider a vector field F (x, t) approximated by the following
discrete sum:

F (x, t) = 〈F (x, t)〉+ f (x, t)

≈ 〈F (x, t)〉 +
nm∑
i=1

ψ(i) (t)λ(i)φ(i) (x) (B.22)

where

• x and t are the space and time coordinates, respectively;

• the symbols 〈F (x, t)〉 and f (x, t) indicate the ensemble average
and the fluctuating part of the vector field F (x, t) respectively;

• the functions φ(i) (x) represent the spatial decomposition basis of
the fluctuating field;

• the functions ψ(i) (t) are the temporal basis of the fluctuating field;

• the quantities λ(i) are the norms associated at each spatio-temporal
mode;
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• nm is the number of modes.

The equation (B.22) becomes an equality in case of nm → ∞. The
solution of the decomposition reported in equation (B.22) depends on the
chosen basis functions.

In the classical implementation by Lumley (1967) the POD decom-
position technique aims to maximise the correlation between the vector
field and the space domain functions φ(i) (x). In addition, the choice of
these functions is limited to which with unitary norm〈∫

Ωobs

(
φ(i) (x) , φ(j) (x)

)
dx
〉

= δi,j (B.23)

where (·, ·) is the scalar product and δi,j is the Kronecker delta symbol.
The solution to this problem is equivalent to solve the Fredholm equation:

∫
Ωobs

Cs (x, x′)φ(i) (x′) dx′ =
∣∣∣λ(i)

∣∣∣2 φ(i) (x) (B.24)

where Ωobs is the entire observation domain and Cs (x, x′) is the two-point
spatial correlation matrix:

Cs (x, x′) =
〈
(f (x, t) , f (x′, t))

〉
. (B.25)

An alternative implementation is the snapshot method provided by
Sirovich (1987). In this case, the basis chosen maximises the projection
of the vector field f (x, t) on the time domain functions ψ(i) (t). As in
the previous case, the basis functions have to satisfy the orthogonality
constraint:

〈
ψ(i) (t) , ψ(j) (t)

〉
= δi,j (B.26)

The resulting Fredholm equation for this problem is
∫
Tobs

Ct (t, t′)ψ(i) (t′) dt′ =
∣∣∣λ(i)

∣∣∣2 ψ(i) (t) (B.27)
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where Tobs is the observation time and Ct (t, t′) is the two-point temporal
correlation matrix:

Ct(t, t′) =

∫
Ωobs

(
f (x, t) , f (x, t′)

)
dx∫

Ωobs
dx

. (B.28)

The presented formulation does not adapt well to datasets produced
by experiments and simulations because these kinds of data sets are in the
discrete form of a spatial grid over a set of instantaneous realisations. The
discrete form of POD formulation can be rewritten applying the matrix
notation.

Suppose to have a dataset of nt temporal realisations, each of them
containing np measurement points. Each snapshot can be reshaped in
a row vector f (j) ∈ R1×np . Hence, the dataset can be rearranged as a
rectangular matrix F ∈ Rnt×np with rank r ≤ min (nt, np):

F =


f (1)

f (2)

...
f (nt)

 ∈ Rnt×np (B.29)

The resulting Fredholm equation is equivalent to the eigenvalue problem
of the two-point spatial correlation matrix of F which is obtained by the
product F TF ∈ Rnp×np :

F TF Φ = Φ Λ (B.30)

where Λ is a diagonal matrix which contains the r eigenvalues in descend-
ing order, and Φ =

[
φ(1), φ(2), . . . , φ(r)

]
contains the eigenvectors of F TF .

The snapshot method POD implementation results in the Fredholm
equation which, differently from before, is equivalent to the eigenvalue
problem of the two-point temporal correlation matrix of F obtained by
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the product F F T ∈ Rnt×nt :

F F T Ψ = Ψ Λ (B.31)

where Ψ =
[
ψ(1), ψ(2), . . . , ψ(r)

]
contains the eigenvectors of F F T .

Since F F T and F TF are non-negative Hermitian matrices they have
a set of r non-negative eigenvalues. Hence the solution of both equa-
tions (B.30) and (B.31) is:

F = Ψ Λ ΦT =
r∑
i=1

ψ(i)λ(i)φ(i)T (B.32)

where Φ is the orthonormal basis for the rows of F , Ψ is the orthonormal
basis for the columns of F and Λ is a diagonal matrix containing the norm
of each mode contribution.
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C Extended Proper Orthogonal Decompo-
sition

The wide application range of POD pushed the researches toward the
investigation about new ways of applying such a modal decomposition
technique. One of the most promising is the Extended POD (EPOD)
firstly introduced by Maurel et al. (2001) and Borée (2003). The aim of
this extension of POD method is to estimate the correlation between the
spatial modes related to two different datasets which share a common
temporal basis. As a matter, such a decomposition technique requires
that the two datasets have to be simultaneously acquired, but the nature
of spatial content can be different. In general it can happen that the two
datasets have different sizes: A ∈ Rnt×nA and B ∈ Rnt×nB .

The POD decomposition is still valid for both datasets, thus:

Λ
A

ΦT
A

= ΨT
A
A (C.33)

Λ
B

ΦT
B

= ΨT
B
B (C.34)

where

• Λ
k
is the diagonal matrix which contains the norms λ(i)

k of the pro-
jection of a dataset on the temporal modes of the same dataset;

• each column of Φ
k
is the ith spatial mode of related snapshot matrix;

• each row of Ψ
k
is the ith temporal mode of related snapshot matrix.

In order to estimate the Extended POD modes the equation (C.33)
can be rewritten as follows:

A = Ψ
A

Λ
A

ΦT
A
. (C.35)

Hence, from equation (C.34), assumed the synchronisation of the mea-
surements, the B dataset is projected on the temporal basis of the first
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dataset, i.e. Ψ
A
, resulting in:

ΨT
A
B = Λ

e
ΦT
e

(C.36)

where Φ
e
are the spatial modes which contain the correlated features of

both datasets and Λ
e
is the related energetic content. It is worth noting

that the modes contained in Φ
e
are not in energy-ranked descending order

as in the POD.
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