USE OF THESIS

The Use of Thesis statement is not included in this version of the thesis.






Chapter 1

1 General Introduction

1.1. Introduction

Jets, which are defined as fluid streams that depart a nozzle or orifice into a surrounding
medium, have been extensively studied due to their frequent occurrence in a wide range of
practical applications. Impinging jets, where a jet strikes a surface either normally or
obliquely, have also undergone many theoretical and experimental investigations due to their
unique and complex flow characteristics as well as their ability to transfer heat and mass
effectively. Non-swirling jets (flow purely in the stream-wise direction with no rotational
component) can have various shapes, which depends on the nozzle and surface
configurations, where such shapes include: round jets, slotted jets, oblique jets and confined
jets. Each type of jet has a different flow dynamic between the jet and the impingement
surface and hence an associated momentum and energy transfer behaviour. When a swirl (or
rotational) component is generated upstream of the nozzle exit plane by any means, a
swirling jet is developed. Swirling jets typically display complex fluid flow with
distinguishable features associated with the swirl, such as flow recirculation and stability.
These unique flow characteristics may have significant impact on the jet heat and mass
transfer for impinging jet applications.

This chapter presents a general introduction to the research topic, along with a discussion
of different engineering (industrial) applications in relation to swirling and impinging jets.
Then a brief literature review provides motivation for this project by identifying the current
research gap, and is followed by the research questions to be addressed in this thesis. More
detailed literature reviews on particular topics are discussed within each chapter. Research
methodologies used to pursue the research questions are briefly discussed, and finally the

overall thesis outline is presented.
1.1.1. Applications of swirling and impinging jets

Swirl is a common feature within fluid flows, where swirling jets are used in many

practical applications as a means of improving mixing in industrial processes and controlling



flames in combustion chambers. Industrial applications include gas turbine combustors,
cyclone separators, pneumatic conveyers, internal combustion engines and heat exchangers
[1-6]. The use of swirl with streamwise (axial) flows in various applications typically
provides some beneficial effects, such as stronger mass and energy transfers, flame stability
and preventing pipeline blockages. All of these effects offer lower power usage and

ultimately lower running costs.

Impinging jets are widely used in various industrial heat transfer applications, such as
cooling of turbine blades and high-power electronics, due to their effective mass and heat
transfer capacity between fluid media and the associated impingement surface. The fluid-
surface interaction for an impinging jet generally occurs in two forms: cool jets impinging on
hot surfaces, or hot jets impinging on cool surfaces. Cool jets have been used extensively in
rapid quenching of heated surfaces in different practical applications, such as gas turbine
airfoils [7], fuel rods in nuclear reactors [8] and grinding processes [9], in order to avoid
thermal damage and cracks. In contrast, applications for hot jets (onto cool surfaces) include
direct flame impingement heating [10, 11], where these jets offer fast and efficient heating
that is commonly used for melting of scrap metal, shaping glassware and heating metal billets

prior to forging.

Although non-swirling impinging jets are beneficial in the above industrial applications,
they also present challenges due to their inhomogeneous heat flux distribution on
impingement surfaces [12, 13]. This non-uniform or localised heating creates high
temperature gradients within the impingement surface that may lead to material damage
and/or excessive thermal stresses. As a result, swirling impinging jets have sometimes been
applied [2, 14, 15] to improve both heat transfer rates and spatial uniformity. However,
experimental and numerical studies report a wide variability of outcomes in the relationship
between swirl and surface heat transfer [16-19]. The disparity observed in the results is not
well understood, and may be largely due to differences in (upstream) flow conditions of the

nozzle.

Impinging jets are also used in mass transfer applications; such as drying of paper, wood
and food [20-22]. The advantage of using impinging jets over other methods, (namely
conventional and microwave drying) is a significant reduction in drying time and uniformity
in drying. These factors reduce thermal stress development in the specimen and also lower

electrical energy usage and running costs.



1.1.2. Structure of free jets

A free (non-impinging) axisymmetric non-swirling jet exits the jet nozzle typically into a
quiescent environment, where this is the case for this research project. The jet flow entrains
surrounding fluid and diverges radially as it advances downstream of the nozzle. This flow
characteristic continues until the initial fluid momentum or energy vanishes due to viscous
losses. Figure 1.1a shows the fundamental regions of an axisymmetric free jet. When a jet
exits the nozzle, it is characterised by a conical potential core surrounded by a mixing region,
where an interaction between the jet and the ambient fluid occurs. The length of the potential
core is defined by the distance (from the nozzle exit) where the jet mixing region spreads
sufficiently inward that it reaches the jet centreline, which causes turbulence development.
The length of the potential core typically depends on the type of nozzle and the nozzle exit
conditions; usually it is x = 2.5D - 8D [23, 24], where D is defined as the nozzle exit
diameter. Beyond the potential core, the mixing region continues to spread as the velocity
decays at a rate required for the axial momentum conservation and the mean velocity profile
approaches the self-similar shape of the fully developed jet. The aforementioned jet flow
characteristics are dependent on the inlet conditions, where the inlet conditions can vary the
flow development in the near-and far-field of a free jet. For example, an axisymmetric jet
from a pipe possesses a thicker initial shear layer and higher turbulence intensity than a
contraction jet. Many studies (addressed in a recent review by Ball et al. [23]) have
investigated the flow developments, structures and turbulence characteristics of

incompressible non-swirling free jets.

When a swirl or rotational component is introduced to an axisymmetric free jet, a swirling
free jet exits the nozzle (Figure 1.1b). In a swirling free jet, the presence of a rotational
(tangential) flow component may generate both radial and axial pressure gradients, unlike a
non-swirling free jet where pressure plays a minor role. The flow loses its strength in both
axial and tangential directions as it progresses downstream from the nozzle exit. The swirl
effect eventually diminishes at about 10D, where the flow then resembles a non-swirling free
jet [25]. Therefore the most notable flow features appear in the near-field, where swirl is
strongest. For a small change in swirl, the flow behaviour in the jet near-field and mixing
region may change dramatically [26]. When the tangential momentum exceeds a certain
threshold (relative to the axial momentum) a unique feature, known as vortex breakdown,

appears in the flow. Vortex breakdown is characterised by a transition from a jet-like axial
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Figure 1.1 Flow structures of free jets: (a) non-swirling; (b) swirling.

velocity profile to a wake-like velocity profile and a local velocity minimum on the jet
centreline axis [27]. The local velocity minimum is due to the adverse pressure gradient on
the jet centreline generated by the swirling flow [27]. This leads to a stagnation point that is
followed by a highly turbulent region of reverse flow further downstream. The detail of flow
features and theoretical background on turbulent swirling free jets is widely available in

textbooks [28, 29].

1.1.3. Structure of impinging jets

When the jet impinges onto a surface, the flow-field is affected by the complex jet-surface
interactions that develop on or near the impingement surface. The flow structure produced by
an impinging jet consists of three regions: the free jet region, the stagnation or impingement
region and the wall jet region, which are depicted in Figure 1.2a. The free jet region forms as

the jet exits the nozzle, where the jet consists of a potential core and a developing region that
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entrains surrounding fluid into the jet. The impingement region forms when the jet impacts a
surface and the strong interaction between the jet and surface causes the flow to change
direction (or deflect). In this region, a rapid decrease in axial velocity and a corresponding
rise in static pressure occur. There is disparity in the literature on the axial position where an
impingement region starts, which typically extends up to 1D - 2D from the impingement
surface [30]. The wall jet region forms near the impingement surface upon deceleration of the
flow, where there is development of radial flow along the impingement surface. The local
radial velocity rises rapidly to a maximum near the impingement surface and then reduces
with increasing distance from the wall. In this region, the fluid flow experiences significant
interaction with the ambient fluid through entrainment of the surrounding air. Although these
three regimes can be considered separately, they are not independent. Extensive experimental
and numerical studies can be found on the flow characteristics of turbulent impinging jets (for

instance, Carlomagno et al. [31]).
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Figure 1.2 Flow structures of impinging jets: (a) non-swirling; (b) swirling.



When swirl flow impinges on a flat surface, an increased complexity in the flow
compared to non-swirling impingement may occur due to the phenomena mentioned above
that the swirl induces (Figure 1.2b). As a result, there are significantly different flow
dynamics, compared to both non-impinging swirl and non-swirling impinging flows, may
develop in the near-field and far-field flow and shear layer interactions. The anisotropic
nature of turbulence and interaction between the swirling flow and impingement surface via
possible recirculating region may make it difficult to resolve both the mean and fluctuating
components. These effects potentially affect the wall characteristics such as pressure
distributions, wall shear stress and heat transfer distributions on the impingement surface as
well as jet spread. The recirculation region not only depends on the swirl intensity of the

flow, but also on the mass flow rate and nozzle-to-plate distance.
1.1.4. Swirl generation and intensity

A variety of methods are used to generate swirl or the tangential flow component. These
methods can be largely divided into three main groups: geometric, aerodynamic and
mechanical [6]. Figure 1.3 illustrates the typical mechanisms used in previous studies
associated with the three methods. Geometrically generated swirl is commonly obtained by
feeding a streamwise flow through geometric means of some kind, such as twisted tape
inserts mounted inside the nozzle [32, 33], radial or guide vanes positioned upstream of the
nozzle exit plane [15, 34], and movable block swirl generator [35]. Limitation of these
geometric designs restricts the swirl intensities that can be investigated. The variability of the
geometric swirl generators inside the nozzle adds further complication, which impedes the

comparison between studies in relation to flow behaviour and heat transfer characteristics.

Aerodynamically generated swirl does not use any geometric feature inside the nozzle;
rather the axial and tangential flows enter the nozzle separately via a number of ports or slots
located around the periphery of the nozzle or pipe wall [36, 37]. The resulting flow then
directly mixes in the nozzle and leads to an axial-plus-tangential flow that emanates from the
nozzle exit. The relative proportion of the total mass flow rates from axial and tangential
ports are responsible for the degree of swirl. A non-swirling jet is generated when no air

enters the nozzle tangentially and maximum swirl is attained when the axial inflow is zero.

The swirl flow can also be generated mechanically by rotating the axial flow as it passes

through a revolving honeycomb, perforated tube combination or a spinning pipe. The rotation



is usually achieved by an electric motor and the revolutions per second of the motor control

the swirl intensity.
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Figure 1.3 Different swirl generating mechanism: (a) geometrical [38, 39] - (top: a single
helical insert, and down: typical variants of other inserts), (b) acrodynamical [37, 40] and (c)
mechanical [41].

Regardless of the methods to generate swirl, the strength of swirl in the flow is defined by
the swirl intensity, commonly known as swirl number. There is no universal definition
available that correctly measures swirl intensity, which makes interpretation of swirl flow
results difficult. For example, for a swirling (free) jet exiting a round nozzle, the critical swirl
intensity for vortex breakdown to occur varies between 0.48 - 0.94 as observed in different
studies [25, 42-44]. This variation in swirl intensity is due to the difference in swirl number
definitions and variation of swirl flow generation techniques. Although a wide variety of
swirl number definitions are used [43], two commonly used swirl number definitions are: the

ratio of momentum flux (the ratio of axial flux of tangential momentum to axial flux of axial
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momentum [25, 27, 43]) and the ratio of velocity components (tangential-to-axial) at the
nozzle exit plane [26, 41, 45]. The detailed mathematical definition of these two and a

correlation between them is discussed further in Chapter 3.
1.2. Project motivation

Numerous studies on non-swirling free and impinging jets have been separately
investigated in the past [23, 46-48]. However, there is limited research on flow developments
and jet spread for both the transitions from free to impinging jets and from non-swirling to
swirling jets for the same nozzle and exit conditions. Upstream inflow conditions for a swirl
flow may potentially alter the evolution of impinging jets and the heat and mass fluxes at the
impingement surface, which have received little attention in the literature. As a result, there
is a need to investigate the mean and turbulent flow development for the variation of inflow
conditions at the nozzle exit plane. This may partly contribute to explaining the contradicting

outcomes on the relationship between surface heat transfer and swirl flow.

The measurement of velocity and turbulent components of highly turbulent, three-
dimensional flows, such as swirling flow, particularly at the nozzle exit plane or near the
nozzle wall is challenging. Generally, swirl flow measurements are performed using either
expensive non-intrusive techniques, such as PIV (Particle Image Velocimetry) or LIF (Laser
Induced Fluorescence), or intrusive techniques, such as Constant Temperature Anemometry
(CTA) and four-hole pressure probes. Measurements with non-intrusive techniques can be
difficult due to restricted optical access or the need for flow seeding. Laser diagnostics may
cause a build-up of seed powder scaling onto solid walls that can modify the near wall flow
characteristics. In contrast, CTA measurements, among other intrusive techniques, are
typically advantageous due to their greater proximity to the wall and capacity to measure both
mean and turbulent velocity components from a high frequency (analogue) data series. CTA
probes have been successfully applied to both non-swirling and swirling jets [49, 50].
However, their use for velocity measurements is typically limited by a maximum angle
between the probe and the mean flow direction, which is commonly referred to as the
maximum acceptance angle. For highly turbulent swirling flows, CTA probes (dual-wire and
multi-wire) may provide erroneous results due to an inaccurate probe orientation and velocity
gradient effects [S51]. Previous investigations into the effects of the mean flow direction on
the accuracy of measured velocity components have not been reported in the literature. In

addition, the literature highlights a lack of systematic testing to establish methodologies for



orienting CTA multi-wire probes in order to increase measurement accuracy in turbulent

swirl flows.

Analysing the effects of swirl on the impingement pressure distribution helps build a
better understanding of the factors affecting (surface) heat and mass transfer. Moreover,
research on the influence of swirl on the wall shear stress distribution is also scarce, which
can help describe near-wall flow behaviour. Although a number of studies address the flow-
fields of both non-swirling and swirling impinging jets; investigations of the pressure
distributions on the impingement surface are relatively limited. In previous studies of
impingement pressure from a swirling flow, the jets are developed using an annular nozzle
[52, 53]. However, the flow behaviour of an annular nozzle is fundamentally different than a

round nozzle due to inherent bluff-body induced flow recirculation.

Previous research into swirling impinging jets (mostly geometrically generated swirl) has
predominantly focused on the effects of swirl intensity on the surface heat transfer [17, 54].
These studies have contradictory results in relation to the enhancement of heat transfer due to
the addition of swirl, yet these discrepancies are poorly understood. Variation in spatial
uniformity of heat transfer that results from swirling flow is also reported in the literature [39,
44]. One of the major difficulties associated with geometrically generated swirling jets is the
inclusion of geometry-induced flow perturbations and vortices in the nozzle that disrupts the
exact effect of swirl. Another issue for swirling impinging jets is the lack of well-defined
boundary conditions at the nozzle exit plane. This research will address the above knowledge
gaps by using a specially designed swirl (aerodynamic generated) nozzle, where jets can
gradually vary from non-swirling to strongly swirling. The results obtained from this research
will significantly improve our current understanding of the relationship between swirl flow
and heat transfer on an impingement surface, with potentially positive impacts for industrial

applications.
1.3. Project research questions

The brief overview above identifies existing challenges and unresolved issues for swirling
flows and impinging jets in relation to their flow development and, heat transfer improvement
and its uniformity compared to their non-swirling counterparts. This thesis highlights the
development of a ‘swirl nozzle’ that uses an aerodynamically generated swirl flow, which
allows transition from non-swirl to high swirl intensity flows for the same mass flow rate or

various mass flow rates at the same swirl intensity.



