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SUMMARY

The precessing jet (PJ) flow phenomenon can occur as a natural fluid mechanical
instability in a ‘fluidic’ nozzle. In that nozzle an axisymmetric jet passes through a
large abrubt expansion into a cylindrical chamber of suitable length. When the dimen-
sions of the chamber are appropriate, the jet attaches asymmetrically to the inside wall,
is deflected at the chamber exit, leaves at an angle relative to the geometric axis and
precesses about that axis. The jet precesses with a characteristic frequency which is a
function of the chamber length and diameter and of the flowrate. If, in addition, a lip
is placed at the exit of the chamber, the exit angle of the jet can be increased to 45°
or more. The exit angle, the jet diameter and the frequency of precession all fluctuate
wildly about the characteristic values from cycle to cycle. To simplify the collection
of phase-averaged experimental data and so to allow the effect of precession on the
external flow field to be investigated, it is necessary to have control of the characteristic

variables. This is not possible with the ‘fluidic nozzle’ described above.

The present thesis reports on a fundamental investigation of a precessing jet flow
which is analogous to that which emanates from the fluidic nozzle. A ‘mechanical noz-
zle’ is used to generate a well defined PJ flow. A circular jet is located on, and inclined
relative to, an axis about which the nozzle is mechanically rotated. In this mechanical
analogue of the fluidic nozzle flow field, the precessional frequency can be varied inde-
pendently of the exit velocity. Thus, unlike the fluidic nozzle, the precessional Strouhal

number is decoupled from the Reynolds number (Re = u. - d./v).



Nathan (1988) proposed that the key parameters which control the flow in a fluidic
nozzle of a fixed length to diameter ratio could be characterised by a non—dimensional
Strouhal number of precession, St, = f;, - de/ue, where f; is the frequency of precession,
d, is the exit diameter and u, the exit velocity of the jet. The exit angle was recognised
as a significant parameter in the PJ flow. One exit angle only, a. = 45°, is examined in
depth in the present thesis. For this particular angle the influence of the precessional
Strouhal number and of the Reynolds number on the flow field are each explored system-
atically and independently. For the fully turbulent flows investigated here the Reynolds

number has negligible effect on the structure of the flow.

Qualitative images of the changes which occur in the flow field as the Strouhal number
is varied, based on conditional smoke pulses and on a laser sheet visualisation technique,
are reported for a precessing jet of air issuing into air. For a precessing water jet issuing
into water, the field is imaged by use of laser induced fluorescence (LIF). Quantitative
velocity and pressure data obtained from hot-wire anemometry, from a high frequency
response pitot-type ‘Cobra’ pressure probe and from a three dimensional Laser Doppler
Anemometer system are reported. Mean velocity, static pressure and turbulence intensi-
ties in both the time-averaged and the phase-averaged domains in all three dimensions
are documented and related to the flow visualisations. Reynolds stresses are presented
in the phase-averaged domain only where the phase-averaging is tied to the frequency
of precession. In addition, frequency spectra and the skewness and flatness have been

obtained from the time-averaged velocity data.
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Large differences have been identified in the character of a precessing jet flow as the
precessional Strouhal number is varied. Using the Strouhal number definition for the
precessing jet flow examined by Nathan (1988), as described above, a ‘low’ Strouhal
number regime has been found to occur below St, = 5 x 107> and a ‘high’ Strouhal
number regime has been identified above St, = 9 x 1073, although the transition be-

tween these regimes appears to be gradual.

The flow field identified here as the low Strouhal number regime displays characteris-
tics which are almost identical to those of a simple turbulent jet. Each vortex structure
follows a straight line path from its origin, resulting in an overall flow which is described
well by a projected Archimedian spiral of low curvature. Negligible asymmetry is found

in the pressure gradients.

The flow in the high Strouhal number regime is dramatically different. A low pres-
sure region and a recirculation zone are established in the near field and the path of the
jet is changed significantly. The jet spirals out from the nozzle around the recirculating
flow zone. The streamlines of the jet are curved, both radially towards the spinning axis,
and tangentially in the direction opposite from that of the precession. Meanwhile flow is
drawn toward the recirculation zone from the region which is not instantaneously occu-
pied by the jet. The path of the ‘individual’ vortex structures in the jet, which appear
to be very similar to vortex puffs, assumes a helical (spiral) shape whose radial extent
seems to asymptote t(I) a well defined radius within the near field examined here . The
jet velocity decays much more rapidly and Reynolds stresses are much higher than in a

simple turbulent jet. In the flow field downstream from the recirculation zone the flow
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becomes axisymmetric in the mean. The vortex puff structures cannot be found when
phase-averaging at the frequency of precession and the frequency spectra in this flow
region do not carry any obvious information from which the frequency of precession, or

any other dominant frequency, can be identified.

The thesis is the first fundamental work on precessing jet flows and will built an im-
portant basis for further research. To perform this work a novel experimental method-
ology has been developed and refined. Through this it has been established that the
Strouhal number of precession is the dominant parameter in a precessing jet, while the
Reynolds number has been shown to have only a second order effect on the flow. The
fundamental parameters which remain to be investigated are the exit angle, the shape of
the exiting jet and the significance of ‘jitter’ in the frequency. Each of these parameters
has been found to influence the behaviour of the fluidic precessing jet and an improved
understanding will facilitate the optimisation of these flows for the practical applica-
tions. Use of the mechanical nozzle concept and measurement methods has been shown

to contribute to a greater understanding of precessing jet flows.
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Chapter 1

INTRODUCTION

Increased levels of greenhouse gases in recent times have led to concerns about the po-
tential changes of the world climate and the prospect of global warming. The Oxides
of nitrogen and carbon dioxide are the principal contributors to the global greenhouse
offect. The international community has recognised the potential danger and crafted
an agreement to lower global greenhouse gas emissions. This was signed by over 150
countries at the Earth Summit in Brazil in 1992, and was reaffirmed in Berlin in March
1994 to become the Framework Convention on Climate Change (FCCC) (NIEIR 1994).
Almost, three quarters of the greenhouse gas emissions result from the burning of fossil
fuels for power generation and for industrial process heating in smelters, kilns, furnaces,
boilers etc. A taxation system based on carbon dioxide production is being discussed
in many countries, but its implementations are politically controversial because, it 1s
claimed, financial pressures on many industries could be crippling (Hirs 1992). Cat-
alytic filters can provide a solution for the problem of increased emissions in many
industrial processes, but they are costly and hard to control when loads vary (Valenti

1993). Industrial burners which produce less emissions and are easy to retrofit are vital



elements in any long term strategy to solve the emission problem. Research effort in
the developed countries of the world has been strongly focussed on the development of
low NO, burners which can also maintain low CO emission levels. Valenti (1993) has
described the situation in the USA, where companies have retrofitted low NOy burners

to meet new emission standards. Similar developments are now being seen all over the

industrial world (Paleokrassas 1992).

The subject of the present investigation is motivated by an industrial burner project
which targets the combined aims of increased efficiency and lower exhaust emissions.
The GYRO-THERM burner (Section 1.1.3), has been developed in the University of
Adelaide, Australia, and is being marketed by Fuel and Combustion Technology In-
ternational (FCTI) in Adelaide/Australia, London/UK and in Pennsylvania/USA. The
GYRO-THERM employs a novel precessing jet mixing nozzle to produce flow and mix-
ing characteristics which reduce NOx emissions by typically 30-60% while maintaining
low CO emssions. As an additional bonus, typical fuel reductions of 5% or more have
been measured in rotary kilns, and this provides, for the client company, a positive
return on investment in less than 2 years. Similar benefits have been achieved in the
Alumina Industry (Jenkins et al. 1995) and potential also exists to utilise the technol-
ogy in power station applications (Ward et al. 1990). Further applications are in the
course of development for metallurgical processes, glass and lime manufacturer, the steel
industry etc. Experience shows that the GYRO-THERM burner has the potential to
make a major contribution to more efficient and environmentally friendly production of

vital products worldwide (Manias and Nathan,1994).



The present thesis describes an investigation of the cold, non—reacting
fow field downstream from a precessing jet burner nozzle to determine

the fluid mechanic phenomena that lead to the improved combustion

characteristics.

1.1 Precessing Jet Nozzles and their Applications

1.1.1 The Abell Nozzle

Abell (1977) studied Brown-Roshko vortices in a mixing layer, using acoustic excitation
in an attempt to investigate the pairing or amalgation of the structures. The acoustic
excitation was found to change the flow field fundamentally and to increase the mixing
characteristics of a jet dramatically. To apply this increased mixing to combustion,
an orifice—cavity—orifice (OCO) configuration was developed, based on a ‘fox whistle’
(Abell and Luxton, 1979, 1980, 1981). The flame produced by this nozzle is stable
at high throughput, but has poor turn—down capability. Nathan (1988) extended the
studies of the OCO geometries and found a different range of geometries in which a new
flow instability, termed jet precession, 1s generated. A natural gas flame produced by
the precessing jet is very stable and can be turned up or down over a very large range

without becoming unstable.



1.1.2 The Fluidic Precessing Jet Nozzle

Beginning with the investigation by Nathan (1988), the precessing jet (PJ) flow has
been the subject of detailed investigations at the University of Adelaide, Australia, for
more than a decade. A precessing jet flow has been demonstrated to be a naturally
occuring instability which follows a large, abrupt axisymmetric expansion into a short
chamber (Nathan, 1988; Hill et al. 1992). This phenomenon occurs over a wide range of
nozzle dimensions and conditions (Nathan and Luxton, 1991; Nathan and Luxton,1992;
Nathan et al. 1992). The effect of the unsteady, asymmetric reattachment of the jet-like
flow within the ‘Auidic’ nozzle (Fig.1.1) is augmented by placing a lip at the exit of the
short chamber. The exiting jet is then sharply deflected, leaving the cavity at an angle
of about 45° from the nozzle axis. This deflected jet precesses about the nozzle axis
as the reattachment point inside the cavity precesses. A simple form of the patented
fluidic precessing jet nozzle is shown in Fig.1.1. A description of the flow field inside
the nozzle is given by Hill (1997). While the above work has provided the stimulus for
the investigation described in the present thesis, it is not specifically the subject of the

thesis, as discussed in Section 1.1.4.

Induced Air

Figure 1.1: A schematic diagram of the Fluidic Precessing Jet Nozzle



1.1.3 Industrial Applications of Precessing Jet Flows

Mullinger (1984,1986) has described the importance of burner design in enabling a flame
to meet the specific requirements of a given industrial process. Fuel costs can be reduced
and product quality, e.g. in the cement industry (Manias and Nathan, 1993, 1994), can
be improved, while the emissions are kept low. As noted in the previous section, the
fluidic precessing jet nozzle has been patented (Luxton et al. 1988) and is now marketed
commercially by FCTI as the GYRO-THERM burner. This burner can be tailored
to suit a wide range of applications, in sizes from tens of kilo Watts to more than one
hundred mega Watts, and enables the flame shape to be changed during operation. It can
generate a bulbous flame with a stand—off distance which is an order of magnitude less
than that of a flame from a simple jet burner at compatible throughput. Alternatively,
the flame can be made progressively longer and less bulbous, depending on the needs of

the product process.

Figure 1.2: A 100 MW Gyro—Therm burner for a cement kiln in Geelong, Australia

Measurements in the PJ flame have shown that the maximum time-averaged flame
temperature is typically 150°C lower than that of a comparable swirl burner, a result
which is consistent with the observed reduction of NOy emissions, while burn—out, as
indicated by low flue CO, is virtually complete (Nathan and Luxton, 1991; Nathan et al.

S



Figure 1.3: The bulbous, luminous flame of the Gyro—Therm burner in the Geelong

cement plant

1992). In rotary kilns in the cement, lime and alumina industries, the GYRO-THERM
burner has been shown to reduce both emissions and specific fuel consumption simulta-
neously. The burner operates stably over a wide range of driving pressures (0-700kPa)
and thus allows exceptional turn-down during operation. Adelaide Brighton Ltd, the
holding company of Australia’s largest cement manufacturer, has facilitated the com-
mercialisation of the precessing jet technology through the purchase of a substantial
majority ownership of the ‘Fuel and Combustion Technology’ group, a leading inter-
national combustion consulting and specialist burner supply company. Information on
in-service performance of GYRO-THERM burners operating in the cement industry
both in Australia and overseas may be found in Manias and Nathan (1993), Manias and
Nathan (1994) and Manias and Nathan (1995). These authors summarise, the major

advantages of the burner cement production as being:



e reduction of NOy emissions by 30-70% with low CO emissions;

e increased kiln output, typically 5%, through better control of heat transfer near

the front of the kiln;

¢ reduced specific consumption, by up to 8%, through a more efficient thermal pro-

file, which closely matches the needs of the process;

e significant improvement in product quality which surpasses existing best practice
in the cement industry, also through achievement of a shorter and hotter ‘burning’

or clinkering zone;

e additional saving of fuel and electricity through reduction of the primary air re-

quirements and improvement of the grinding characteristics of the clinker.

The above dramatic differences all derive from the combustion process and are solely
the result of the modifications in the mixing characteristics of the fuel jet caused by the
jet precession. While performance results may already be spectacular, the understanding
of precessing jet flows is presently limited and design criteria are almost certainly not
yet optimal. These limitations in the knowledge base have provided the motivation for

the present fundamental study of the precession phenomena.

1.1.4 The Mechanical Precessing Jet Nozzle

To gain insight into the effect of precession on the mixing characteristics of a jet emerg-
ing from a nozzle, a mechanically rotated nozzle has been developed (described in detail
in Sec.2.1 and Fig.2.1). This nozzle provides an approximate model of the flow field
downstream from the fluidic nozzle by mechanically rotating a round jet which is in-
clined to the axis of rotation. It is this work which is the prime focus of the present

(f



thesis. The mechanical nozzle produces a jet with known initial conditions and also
facilitates the conditional phase-averaging of the data based on the phase angle of the
precession cycle. In particular, the Reynolds number at the origin, Re:‘—“’-y—de, can be de-
coupled from the Strouhal number of precession, St-—:%, in a way that is not possible

with the fluidic nozzle.

Previously reported measurements in precessing jet flows, generated by both the

fluidic and the mechanical nozzles, have revealed the following features of the flow:

e the mixing is dominated by turbulent structures of a scale which is many times

that of a free turbulent jet (Nathan and Luxton, 1992);

e the entrainment rate of the precessing jet (PJ) nozzle in the first five exit diameters
(Nathan and Luxton, 1992) is approximately five times greater than that of a

simple turbulent jet measured by the same absolute method (Ricou and Spalding,

1961);

e the initial spreading of the precessing jet is significantly greater than that of the

simple jet (Nathan and Luxton, 1991).
For the mechanical PJ nozzle:

e in the Strouhal number regime St, > 5x 1073, the Reynolds stress is increased sig-
nificantly above that found in a free turbulent jet (Schneider et al. 1995; Schneider

et.al. 1996);

e conditional measurements of velocity and pressure contours reveal a low pressure

zone between the jet and its spinning axis (Schneider et al. 1993).



1.2 Related Flow Fields

To be able to compare the precessing jet with other jet-like flows, a basic description
of the flow topology is necessary (Fig.1.4). The characteristics of the PJ flow field
are strongly dependent on the Strouhal number of precession, St, = 5]’%, (Section 3).
At the lower extremum, St,=0, the jet flow is identical to a free turbulent jet, as
demonstrated in Section 3.1. With a low Strouhal number of precession, e.g. St,=0.002
as investigated here, the precessing jet characteristics show many of the characteristics
of a simple turbulent jet, however the locus of the jet now follows an Archimedian
spiral. With increasing Strouhal number of precession, e.g. St,=0.015 as investigated
here, the characteristics of the precessing jet change dramatically. Large deflections of
the jet from the original 45° exit angle are apparent and ‘isolated’ vortical structures are
observed. In the range of precessional Strouhal numbers investigated, the precessing jet

flow exhibits characteristics which seperately are associated with many different classes

of jet flows. These ‘component flows’ are discussed in the following sections.

Emerging Jet

10mm Exit Diameter

Potential Core

Mechanical Naozzle

Mechanical Rotation

Figure 1.4: The precessing jet generated by the mechanical nozzle



1.2.1 Simple Turbulent Jets

The free turbulent jet is a fundamental component of a PJ flow and has been found to
be most closely related to the PJ flow in the low Strouhal regime. Given the immense
number of studies of free axisymmetric jets described in the literature, the aim of the
present review is to establish a baseline for comparison with the PJ flow (of velocity,
turbulence etc.). Present understanding of the role of coherent structures in free jets
also facilitates the understanding of the precessing jet flow field, not only in the low

Strouhal number regime, but also in the high Strouhal number range.

Velocity, Turbulence and Higher Order Statistics: Recorded investigations of
jet flows date back to Leonardo Da Vinci in the fifteenth century who, in his seminal
work ‘Del Moto e Misura dell’Acqua’, sketched and described the velocity distribution
in a vortex and the velocity profiles of free liquid jets (Rouse and Ince, 1957). The
first experimental results on circular turbulent air jets are attributed, by Rajaratnam
(1976), to Triipel. Triipel measured velocity profiles in an axisymmetric jet with 87m/s
exit velocity deriving from a nozzle with an exit diameter of 0.9m and established the
well known velocity decay and spreading characteristics of a jet as it entrains fluid from

its ambient surroundings.

In his book entitled ‘The Theory of Turbulent Jets’ Abramovich (1963) has described
the character of free turbulent jets. He divided the jet into three parts. The first is the
core or initial region, in which a core of potential flow exists. The velocity in that core

is constant and entrainment is confined to the boundary of the region. The core ex-
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tends from the jet exit to the end of that potential flow region (x/d. =~ 6, Rajaratnam,
1976). The second region, named the transition region, starts where the potential core
has been consumed and further entrainment of surrounding fluid causes the centerline
velocity to decay. Mean velocity profiles are self-similar in this region, so that the mean
profiles in the jet can be characterised by one length scale and one velocity scale. In
the third, ‘fully developed’, region the jet, including its flow structures, becomes fully
self-preserving. This third region usually starts some 50 nozzle diameters downstream
from the exit (Wygnanski and Fiedler, 1969). Abramovich (1963) measured the half
spreading angle of a jet to be 5.54°, based on the ro5 radius, the radius at which the
local jet velocity is half its centerline value. However, subsequent measurements by
Wygnanski and Fiedler found the half-angle to be 4.9°. The growth of the jet and
its velocity decay were found by Ricou and Spalding (1961) and Townsend (1966) to
be proportional to the entrainment rate. Schneider (1985) confirmed this with an an-
alytical approach and found that the momentum flux in a jet vanishes when the axial
distance goes to infinity. He also found the relation between velocity decay on the jet
centreline and the axial distance from the origin to be uy, ~ coTnst. Measurements of
mean velocity profiles with Pitot pressure probes are documented by Hinze (1959). Ad-
ditional measurements of turbulence in a jet conducted by Corrsin (1943), Corrsin and
Uberoi (1949,1951), Corrsin and Kistler (1955), are described by Abramovich (1963) and
Rajaratnam (1976). The most comprehensive work is that of Wygnanski and Fiedler
(1969), which includes measurements of mean velocity, turbulence, intermittency, skew-
ness, flatness, auto— and cross—correlations etc. Wygnanski and Fiedler also found that
self-similarity of the mean velocity is evident a few nozzle diameters downstream from

the exit, but true self-preservation of the turbulence intensity is only achieved beyond
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50 nozzle diameters. Townsend (1976) found that this slower progress towards self-

preservation is due to initial disturbances at the exit which attenuate very slowly.

The work of Tollmien, which is described in Schlichting (1960), investigated self-
similarity and self~preservation of a turbulent free jet analytically based on Prandtl’s
mixing length hypothesis. Schlichting conducted a similar analysis but based it on the
assumption of a constant eddy exchange coefficient across the flow. The experimental
data in the investigations mentioned above display good agreement with the analytical
solutions of Schlichting and Tollmien in parts of the flow. Schlichting’s solution provides
the best match with the experiments in the inner (high velocity) part of the jet, whereas

Tollmien’s curve fits better in the low velocity outer region.

Champagne et al. (1976) extended the experimental scope of the above studies to
higher order statistics in a two-dimensional mixing region. Gibson (1963) and Anto-
nja et al. (1982) obtained spectra in a jet down to the Kolmogorov scale. Champagne
(1978) also examined the fine scale structures in a turbulent field and discovered uni-
versal normalised spectral functions which closely describe the fine-scale structures of

all turbulent flow fields.

Vortical Structures: Many of the more recent studies of simple turbulent jets ex-
amine vortical structures in the jet flow. Perry (1986) states that the vorticity is the
most succinct (although difficult to measure) quantity to use in the description of a flow
pattern. In fact he calls it the ‘genetic code’ which leads to a complete understanding

of the flow field via the Biot-Savart law. Morton (1984) provides proofs of the long
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known but often overlooked fact that vorticity can only be generated at a bounda;ry
confining the flow of a viscous fluid. This implies that in a round free jet vorticity can
only be generated in the boundary layer within the nozzle up to the nozzle exit. Vortical
structures, i.e. the patterns into which the vorticity is confined, on the other hand, can
be initiated as Kelvin-Helmholtz instabilities or waves in the shear layer around the jet
core close to the nozzle walls. The shear layer starts to grow and rolls into a sequence
of toroidal vortex structures (Liepmann and Gharib, 1992) of a preferred mode near
the end of the potential core region (Hussain and Za;nan, 1981). The characteristic
dimensionless frequency, or Strouhal number, St:%, is based on the exit velocity of
the jet ue, the exit diamater d, and the frequency of the vortical structure. It has been
found to be St = 0.3 by Crow and Champagne (1971). Values quoted in the literature

vary from 0.2-0.85 and appear to depend on the experimental facility (Hussain 1986).

At the end of the potential core region evidence of coherent structures in the jet
was found by Crow and Champagne (1971), Hussain (1983) and Hussain (1984). Crow
and Champagne describe instabilities that lead to a pulsatile phenomenon or ‘a train
of axisymmetric puffs’ at Reynolds numbers of the order 10%, which is the same order
of magnitude of the flows in the present investigation. Komori and Ueda (1985) found
that flow structures exist both in the near field of the jet and in the self-preserving
region, an observation which was also noted by Hussain and Zaman (1981), Dimotakis
et al. (1983) and Mungal et al. (1992). These structures are generally understood to
be vortices of different sizes which interact and cause the flow patterns to acquire a
quasi—periodic motion which enhances turbulence and the entrainment of fluid (Dracos

et al. 1992). The ring— or puff-like vortices grow as they move downstream and entrain
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fluid. These vortical structures consist of both turbulent outflow of the jet fluid and

inflow (entrainment) of ambient fluid.

Large scale turbulent structures have been found to contain the bulk of the momen-
tum and to be responsible for most of the large scale mixing in a turbulent round jet
(Chevray and Tutu, 1978). These observations were confirmed by Shlien (1987) who
found large scale structures to be responsible for the entrainment in the self—preserving
region of the jet (see also Dimotakis et al. 1983, Karasso and Mungal, 1992, Turner,
1986). Further work by Mungal et al. (1992) identified the large scale structures by ap-
plying the volume rendering technique. This work also suggests that at high Reynolds
numbers, in the absence of solid boundaries, viscosity is not an important parameter in
the dynamic behaviour of the dominant large structures, thus the Reynolds number is
not a determining parameter in the flow. The spiralling motion in the core of vortical
structures is, on the other hand, closely related to the Reynolds stress distribution (Han-
dler et al. 1992; Chandrsuda and Bradshaw, 1981; Klewicki, 1989; Lu and Willmarth,
1973; Klewicki et al. 1993). The definition and results of measurements of Reynolds
stresses in the precessing jet flow are presented in Sections 3.2.5 and 3.3.5. Bremhorst
(1981) relates the increase in Reynolds stresses to increased entrainment. Structures
convected downstream with different speeds interact and intensify the counter-rotating
motion thus aiding the ejection and inflow of fluid particles and also increasing the
Reynolds stresses (Bernard et al. 1995; Klewicki et al. 1993; Paschereit et al. 1992).
Liepmann and Gharib (1992) have described a streamwise secondary vortex structure
which folds around the upstream and downstream primary structures, enhances the vor-

ticity and hence stimulates the entrainment and Reynolds stresses respectively.

14



1.2.2 Vortex Puffs

The vortical structures in a simple turbulent jet that were described in Section 1.2.1
are believed to be significant in the evolution of flow motions in precessing jet flows
(Section 4.4). In the high Strouhal number regime of the precessing jet, e.g. at St, =
0.0098 and 0.015 as investigated here, the motion of the vortex puffs, described by Crow
and Champagne (1971) as a ‘train’ for a free turbulent jet, is dramatically altered. The
puffs tend to group beside, rather than behind, each other and appear to coallesce to

form much larger vortical structures.

Two Saddle Points

Stable Ring Focus with:

-- concentration of vorticity

-- concentration of low pressure

-- concentration of turbulence

-- concentration of Reynolds stress

Irregular Shedding of:

-=- Vorticity
/ \\ ~-- Impulse -
/ \ from the Head into the Wake
/ \
/
P4 \ Turbulent Wake
/ \ (Taylor-Goertler Type Vortices)

Figure 1.5: Turbulent Vortex Puff (after: Glezer and Coles, 1990; Richards 1965)

The flow field of a turbulent vortex puff or ring has been investigated by many

authors, e.g. Maxworthy (1974 and 1977) and Glezer and Coles (1990). Although the

15



vorticity in a vortex ring is concentrated in the torroidal core, while that in a vortex puff
is more uniformly distributed, in most applications this difference is insignificant(Glezer

and Coles, 1990).

The dominant features of a turbulent puff (Fig.1.5) are the two stagnation points
(and also saddle points), which are situated in front and on the lee side of the puff on the
axis of symmetry. The other important characteristic is the stable ring focus, where the
turbulence intensity is highest due to the largest velocity gradients. At the focus, the
vorticity is concentrated and its vector lies in the azimuthal direction. The circulation
for a vortex ring decreases as the structure is convected downstream, since irregular
shedding (transfer) of vorticity occurs into the turbulent wake (Glezer and Coles, 1990),
which entrains fluid constantly. In the near wake the radial component of the velocity
is negligible and the vorticity, which is concentrated in Taylor-Gortler type structures

is predominantly in the azimuthal direction.

Turner (1964) studied a series of vortex rings and puffs and defined them by two
characteristic length scales (ring diameter and core thickness) and two characteristic
velocity scales (propagation and circulation about the core), whereras more diffuse tur-
bulent puffs possess only 'one characteristic length and velocity scale. Studying the
dynamics of vortex rings and puffs, Richards (1965) found that the size of puffs grows in
direct proportional to the distance travelled and that the distance travelled by a non-
buoyant cylindrical puff is proportional to ¢'/3. A puff grows along enveloping cones and
is therefore asymptotically self-similar. The angles of the cones can vary significantly,

depending on the source (Morton et al. 1994). High turbulence and Reynolds stresses
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were found near the core of the vortex ring by Glezer and Coles (1990). This indicates
large entrainment rates. They also suggest that secondary structures (Taylor-Gortler
type) are wrapped around the core in azimuthal planes. Lee and Rodi (1994) presented
a numerical study containing the pressure and velocity distribution in a turbulent puff.
They found significant loss of initial impulse due to pressure influence and intense mix-

ing in front of the puff.

In the precessing jet flow two features of the vortex puff are hypothesised to have an
important influence on the overall flow field: the low pressure region which is concen-
trated in the toroidal core of the vortex ring and the negative axial velocity on the outer
side of the ring focus. This leads to an asymmetry in the velocity and pressure field of
the PJ flow, the degree of which is a function of the Strouhal number of precession. The

phenomenon and its effect will be discussed in Chapter 4.

1.2.3 Flapping Jets

A planar analogue of the precessing jet flow is the oscillation or flapping of a planar
(flip-flop) jet. However, there are also significant differences between the two flows. For
example, no time-averaged recirculation flow zones or transverse pressure gradients are
developed in the flapping jets investigated to date, while these features dominate the
flow characteristics of precessing jet flows. At the same time, analogous structures can
be expected in both flows since, in both cases, the momentum source is continuously
re—directed from behind the flow structures, leaving them to be convected downstream
in a somewhat ‘isolated’ fashion. This could be responsible for the high velocity decay

and increased entrainment rates which have been found in both flows.
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By detecting a negative correlation between the two sides of the planar turbulent jet
Cervantes de Gortari and Goldschmidt (1981) showed that an inherent flapping insta-
bility exists in the shear layer region of a turbulent planar jet. This flapping motion was
found to be related to the development of large scale coherent movement in the jet. The
development of a planar jet and its structures can be altered significantly by exciting the
jet using various means. Simmons et al. (1981) and Badri Narayanan and Raghu (1982)
oscillated a vane placed in the potential core region of the jet, whereas Simmons et al.
(1978) used an oscillating nozzle. A bi-vane system was studied by Badri Narayanan
and Platzer (1987). For the jet resulting from separation in a two-dimensional wide an-
gle diffuser, Viets (1975) had earlier found that a fluidic feedback loop could maintain a
continuous flapping instability in the diffuser and Favre-Marinet et al. (1981) found the
same result by alternate blowing from either side wall of the diffuser. The results of all
these investigations show that the excitation of large-scale flapping motions in a planar
jet results in increased spreading angles of the jet of up to a 33 degrees half angle in the
study by Badri Narayanan and Raghu (1982) and increased entrainment rates of up to
50% in Galea and Simmons (1983). No similarity of the streamwise velocity profiles in
the near field of the jet has been identified (Piatt and Viets, 1979) and significant fluc-
tuation of the tranverse velocity component is observed, probably related to the large
scale coherent structures in the jet. A substantial increase in turbulence energy in the

near field of a flapping jet and a rapid decay in mean velocity has recently been found

by Mi et al. (1995).
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1.2.4 Pulsed Jets

When viewing the near field of precessing jet flows from a fixed (Eulerian) spatial po-
sition in the path of the jet, an observer will detect one pulse of jet flow with every
precession cycle. The frequency of the arriving pulses is identical with the frequency of
precession in the near field of the jet. This pulsatile behaviour of the precessing jet in
a stationary coordinate system has strong similarities to the flow in an axisymmetric

fully pulsed jet.

Studies of a pulsed round jet show higher spreading angles and more rapid velocity
decay when compared with a simple turbulent jet (Hill and Green, 1977). Bremhorst
and Harch (1978) and Bremhorst and Watson (1981) examined the increase in the en-
trainment rate in a pulsed jet relative to a free turbulent jet. Bremhorst (1979) measured
higher rates of decay in mean velocity and a related increase in the spreading angles of
a range of pulsed jets when compared with a simple turbulent jet. Bremhorst and Hollis
(1990) have discussed the characteristics of a round pulsed jet and relate the higher
entrainment rates in a pulsed jet to increased Reynolds stresses. They also found a 9%
increase in the axial momentum decay in the first five nozzle diameters downstream
from the exit. This was found to be equal to a static pressure decrease in the pulsed

jet, as required by Newton’s second law or ‘conservation’ of momentum.

Because the pulsed jets in the above experiments are generated by rapidly opening
and closing a valve, a cyclic compression wave created by the opening and closing mech-
anism travels downstream with sonic speed. The jet fluid exhausts into the resultant

pressure field. The phenomenon of the compression wave is not present in the precessing
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jet, hence the puff structures do not experience a disturbed pressure field in each cycle.
Therefore the opportunity for a direct comparison between the precessing jet flow and

the pulsed jet flow is limited.

1.2.5 Jets in a Cross Flow

A jet in a cross flow may seem, at first sight, to be analogous to a precessing jet, if
one assumes the relative ‘cross flow’ increases with radial distance as the precessing jet
is rotated (i.e. solid body rotation of a jet). But this picture is inaccurate since the
equation u; = 27 f,- 1 is only valid for a solid body rotation. Since the jet investigated
here leaves on the axis of rotation it does not possess any inherent tangential velocity
component. Also a Galiean transformation from a fixed x-y coordinate system to a
rotating cylindrical coordinate system is not valid, since it does not allow the pressure
field to be transformed. However, the jet may experience a small cross flow in some
circumstances because the induced pressure field downstream from the potential core in
the precessing jet creates secondary tangential velocity components. This phenomenon

though, is only significant in the higher Strouhal number flows.

Comprehensive studies of jets deflected by cross flows have been published by Keffer
and Baines (1963) and Pratte and Baines (1967). Crabb et al. (1981) and Catalano et
al. (1989) measured mean velocity profiles and found the shear stress profiles were high.
They have related the bending of the jet to the pressure gradient across the jet. Fric
and Roshko (1994) identified four types of structures in a jet in a cross flow.

The interaction of the crosswind with the emerging jet results in horse-shoe vortex
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structures at the wall around the jets. In the wake-like region adjacent to the floor
behind the jet, wake vortices develop and extend from the wall to the jet and a small
momentum deficit exists which is smaller than that in the wake of a solid body. The
cross flow boundary layer at the wall is the origin for the wake vortices shed into the
wake-like region (Fric and Roshko, 1994). A third type of vortical structure develops
in the shear layer of the jet (e.g. by Kelvin-Helmholtz instabilities). Andreopoulos
(1985), Fric and Roshko (1989), Sykes et al. (1986), (Fric and Roshko 1994), demon-
strate that the shear layer in th(:e. near field starts to roll into a counter rotating vortex
pair. The work of Bousgarbies et al. (1993), Lim et al. (1992) and Bousgarbies et al.
(1993) uses flow visualisation to show the influence of the ratio of the cross wind to the
jet velocity on the vortical structures in the shear layer of the jet. The pair of counter

rotating vortices which develop are responsible for an increase in the mixing (Kamotani

and Greber, 1972; Birch et al. 1989).

In the precessing jet flow investigated here two of the above four structures found in
jets in a cross flow can also be expected and these have been identified in flow visualisa-
tion experiments (Section 4). The shear layer around the jet (Fig.4.2) and the counter
rotating vortex pair have both been identified in the precessing jet flow (Fig.4.13). The
vortices related to the jet—wall interaction are insignificant here, since a stationary sleeve

is used around the mechanical nozzle to reduce wall effects (Section 2.1.2).

Rajaratnam (1976) divided the jet in a cross flow into three distinct regions based on
the counter rotating vortex pair. The first region is the potential core region where the

vortex rings develop and the cross wind causes little deflection. In the second region the
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vortex pair grows in size as it entrains fluid. In this region the jet experiences maximum
curvature and maximum deflection. In the third region of the jet the vortical structures
still grow in size while entraining fluid, but the curvature tends asymptotically to zero.
Wu et al. (1988) have extended the investigation of the counter rotating vortex pairs
to include jets from non-circular nozzles. Needham et al. (1988) has explained the jet
deflection, the deformation of the vortex pairs and the axial vorticity using an inviscid
analytical model. Catalano et al. (1991) examined the fine scale structures and higher
order statistics of turbulence over a wide range of Reynolds numbers and found a range
of different values of the integral scale in the flow field. Smith et al. (1993) and Lozano
et al. (1993) have recently demonstrated, using instantaneous pictures of a jet in a cross
flow, that the counter rotating vortex pairs are not symmetric relative to the centerline
of the jet. This may be explained by a low frequency instability causing the vortices
to oscillate (Fric and Roshko, 1994, Kelso et al. 1997). Low frequency oscillations have
not yet been identified in the precesing jet, but observations indicate some similarities
to the low frequency instabilities in a jet in a cross flow. However, that aspect of the

flow is not subject of this investigation.

1.2.6 Swirling Flows

As emphasised in the previous section, the precessing jet investigated here exits on the
axis of rotation and hence does not develop any direct tangential velocity. The tangential
components measured are caused by secondary effects. In the high Strouhal number
regime, examples of which investigated here are at St,=0.0098 and 0.015, the jet is

deflected towards the axis of rotation, due to a radial pressure gradient which is directed
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towards the axis, until the flow becomes independent of ® and can be represented wholly
on the r—® plane. This result can be interpreted as a transfer of axial momentum into
the tangential component which results in the generation of a centripetal pressure field.
This phenomenon is the inverse of that observed in swirling jet flows where the intial
tangential velocity causes a low pressure and recirculation zone to be established to due
centripetal forces.

Kavsaoglu and Schetz (1989) induced swirl in a jet issuing into a cross flow and
found a shortening of the potential core region and an increase in the turbulence levels
in the jet. The characteristic feature of a swirling jet is the presence of a tangential
velocity component, which produces a centripetal motion and establishes a low pressure
core. Tf the swirl is high enough the low pressure core becomes strong enough and a core
recirculation zone can develop which enhances mixing. High velocity gradients found
near the edge of the recirculation zone result in higher Reynolds stresses and hence in

enhanced turbulent entrainment and mixing.

Syred et al. (1973) and Syred and Beer (1974) discovered that the aerodynamic flow
patterns in a swirling flow of sufficient strength to create recirculation, is dominated
by a fluid mechanical instability which they termed a ‘precessing vortex core’ (PVC).
~The PVC is superimposed on the recirculation zone. It is an asymmetric and highly
three—dimensional flow field which creates increased mixing (Syred et al. 1992). Syred
and O’Doherty (1992) have found and quantified tangential velocity components by use
of a three—dimensional LDA system which are in the opposite direction from the swirl.
Froud et al. (1994) has expanded this study with measurements of phase—averaged ve-

locity profiles at different distances above the exit.
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1.2.7 Jets in Rotating Systems

Flow in a general rotational system has been documented by Greenspan (1968) and by
Tritton (1988). Greenspan (1988) extended the earlier theoretical studies by considering
the distribution of vorticity in a rotating, initially homogeneous, mixture of particles
and fluid. The governing Navier Stokes equations for a rotating cylindrical coordinate
system in a turbulent flow are derived by Hinze (1959). Gadgil (1970) found, in his
investigation of the structures of jets in rotating systems, a strong dependence upon
the rotation of the system. In the slowly rotating case, Rossby number Ro> 1, the
characteristics of the jet are essentially identical to those in a non-rotating system. The
Rossby number is defined as Ro = u/(Qd), where u is the velocity of the fluid, Q is the
angular velocity and d is a characteristic length scale (e.g. jet diameter).

The jet entrains fluid at its boundaries and the momentum flux is independent of the
downstream distance. With an increase in the rate of rotation of the system, Ekman
layer effects become important. The jets starts to eject fluid at its edges and the mo-

mentum flux decreases with the axial distance due to dissipation in the Ekman layer.

Gadgil (1970) also presented a similarity solution for a rapidly rotating case. Page
and Earbry (1990) have studied the breakdown of jets in strongly rotating systems

(Rossby number, Ro< 1).

Savage and Sobey (1975) show that the length scale along the spiral path of a jet

issuing into a rotating basin of deep water depends upon the rate of rotation. In shallow
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water the confining effects of the upper free surface are observed and rotation has only
a small effect on the velocity field (Taylor and Proudman; described in Tritton, 1988).

The jet path remains straight as for no rotation.

As stated in Section 1.2.5 a Galiean transformation of the precessing jet to a rotat-
ing system is not valid. Hence, the precessing jet in an ambient environment cannot be
compared directly to a turbulent jet in a rotating system. Nevertheless, jets in rotating
sytems provide useful information of overall flow behaviour. The dependence of the
structures of the jet on the rotation of the system (Gadgil, 1970; Savage and Sobey,

1975) reveals an especially close relationship to that of precessing jet flows.
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Chapter 2

EXPERIMENTAL TECHNIQUES

AND APPARATUS

The mechanical nozzle used to generate a jet which precesses under controlled con-
ditions, its driving apparatus and the environment in which the measurements were
conducted (e.g. low velocity windtunnel) are described in this chapter. Departures from
this reported setup will be mentioned specifically in the appropriate sections. The flow
visualisation and measurement techniques are also described and the accuracy of each

is discussed.

2.1 The Mechanical Precessing Jet Nozzle

The fluidic precessing jet nozzle, described in Section 1.1, has been demonstrated
to have mixing characteristics which are very different from conventional jets. Nathan
(1988) has demonstrated that the fluidic PJ nozzle produces a precessing jet flow and

has postulated that the precession is a major influence in causing the differences in the
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mixing. But that nozzle does not provide conditions at its exit plane which are either
uniform or constant. That is, the exit angle, exit velocity, frequency of precession, exit
diameter and location of the exiting jet are neither uniform nor well defined. Further-
more the cross section of the exiting jet is not circular (Vidakovic 1995), so that com-
parison with other data in the literature is difficult. Ensemble-averaged measurements
of flow structures in the flow outside the cavity are also difficult and are necessarily sub-
jected to considerable smoothing. To minimise smoothing, to gain insight into the fluid
mechanical processes generated by jet precession alone and to facilitate phase—controlled
visualisation and measurement techniques, the present fundamental investigation of pre-
cessing jet flows was conceived and is the subject of the present thesis. A mechanical
nozzle has been designed, termed the ‘mechanical precessing jet’ nozzle and is shown in

Figure 2.1. Appendix F provides technical drawings with precise dimensions.

In contrast to the ‘Auidic PJ’ nozzle, where the jet precession is naturally induced,
with the ‘mechanical PJ’ nozzle the jet precession is driven mechanically. The design
enables precise control of the exit conditions of the precessing jet and the independent
variation of each of the characteristic parameters. Figure 2.1 shows a schematic draw-
ing of the nozzle used in the present investigation. The rotating outer nozzle pipe is
connected with roller bearings to an inner stationary pipe. The air flow through the
pipe passes through a mesh which assists in providing a uniform flow distribution into
the rotating nozzle tip. A contraction ratio of inner tip diameter/jet exit diameter =

4.4 has been found to provide a low turbulence level with symmetric velocity profiles

at the exit (see Sections 2.1.3 and 3.1).
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Deflecting Nozzle Tip

Sealed Ball Bearings

Stationary Sleeve Wire Screen

Figure 2.1: Mechanically Rotated Precessing Jet Nozzle

2.1.1 The Exit Parameters of the Jet

The significant parameters in a precessing jet flow are exit angle, exit velocity, frequency
of precession, location of the jet exit relative to the nozzle axis and the exit diameter of
the jet. The exit velocity is measured by means of a FISHER & PORTER Extruded Body
Indicating Flowrator meter, which is accurate to within +1% of full scale reading. The
frequency of precession is controlled by a TASC Speedstar 11 (415 Volts, 50 Hz) speed
control unit, modified in house to allow frequencies of precession of up to 100 Hz. The
unit governs a 370 W electric motor which drives the mechanical nozzle through a tooth
belt pulley drive. The chosen frequency of precession can be held constant to within
10.25 Hz at the maximum speed of 100 Hz. To obtain a reference signal for the angular
position of the nozzle a Hall Effect magnetic sensor which operates at frequencies of up
to 100Hz is attached to the lower end of the spinning nozzle. This sensor allows the
data records to be conditionally averaged and facilitates accurate measurements of the
frequency of precession. The remaining parameters (the location of the jet exit relative
to the nozzle axis, the exit diameter and the exit angle) are varied by changing the

rotating nozzle tips themselves. For all the cases discussed in this work the origin of the
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jet is chosen to be on the spinning axis and the exit diameter of the jet is 10mm. Two
exit angles for the nozzle, 0° and 45°, are used. The a, = 45° tip is shown in Figure 2.2.
Both nozzle tips have been designed using the AUTOCAD drawing package to ensure
that their critical dimensions, ie contraction ratio, exit diameter and curvature along
the contraction, are kept constant as far as possible. The designs are loaded directly
into the MASTERCAM program for a CNC mill. Good repeatability of the dimensions
is ensured through a maximum deviation of the CNC mill of 0.02mm. Each of the
nozzle tips were found to produce an exit velocity profile which conforms with that of a
‘top hat’ profile used in conventional jets when the nozzle is not rotating. Tests of the
apparatus, with particular attention being paid to the exit condition of the nozzle, are

described in Section 2.1.3 for the 0° nozzle and in Section 3.1 for the 45° nozzle.

Figure 2.2: The nozzle tip with ce = 45°, nozzle exit diameter de=10mm
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2.1.2 External Influences: A Boundary Layer Study

A smoke visualisation technique (Section 2.3.1) has been utilised to assess the influence
of the external boundary layer of the rotating nozzle on the general flow field. For
this study the 45°, 10mm nozzle tip was used. Images were recorded with a KODAK
EktaPro 1000 high speed video camera (Section 2.3.1) with a 1000W Halogen U-Lamp to
illuminate the flow field. A dense cloud of smoke (Section 2.3.1) was produced around the
unshielded nozzle (ie without the ‘stationary sleeve’ shown in Fig.2.1) which was rotated
at a frequency f, = 60Hz (the maximum rotational frequency in this investigation), and
with no jet flow (u = 0m/s). A small but noticable boundary layer effect was observed

in the region close to the nozzle tip.

Crlat’r o

Figure 2.3: The influence of the external boundary layer produced by rotation of the
mechanical nozzle. Smoke visualisation, no external sleeve, Ue = Om/s, fp = 60Hz
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The smoke was drawn towards the nozzle tip (indicating a reduced pressure around
the tip), spiralled in the direction of the rotation (negative ®-direction) inwards (nega-
tive r-direction) and moved downwards (negative x-direction) along the outside of the
mechanical nozzle (Fig. 2.3). Based on the framing rate of the camera the typical con-
vection velocity of smoke structures was estimated to be 0.5m/s. While this is small
compared with the typical exit velocity of the jet (39m/s), it can be eliminated almost
completely by placing a stationary sleeve around the spinning nozzle (Fig.2.1). With
such a sleeve no inward or downward motion is detectable using the above technique
(Fig. 2.4). A very weak inconsequential swirl with a convection velocity of the order of
0.1m/s to 0.0lm/s is detectable in the region immediately around the exit hole of the

jet.

Figure 9.4: Reduced external boundary layer effects produced by rotation of the mechan-
ical nozzle. With external sleeve, Ue = Om/s, fp = 60Hz
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Overall the stationary sleeve reduces the spurious flows associated with the bound-
ary layer on the spinning nozzle to at least two orders of magnitude less than any of the
significant flows produced by the jet. It can be concluded therefore that the influence of
the external detailed shape of the nozzle and the bgundary layer around it is negligible
when the stationary sleeve is placed around the mechanical nozzle. All results and exam-

inations presented in this thesis have been conducted with the stationary sleeve in place.

2.1.3 Internal Influences: The Jet Issuing from the Nozzle

The influence of the internal assembly of the mechanical nozzle (meshes, contraction
ratio etc.) on the issuing jet has been examined using the 0° nozzle tip. This enables
a direct comparison with a simple turbulent jet to be made by measuring exit velocity
profiles, self-similarity and turbulence intensity. To exclude all influences from sur-
rounding ambient flows, these measurements were conducted in the low velocity wind
tunnel described in Section 2.2. A small co-flow of 0.03m/s is provided to satisfy the
entrainment appetite of the jet up to a distance of x/d. ~40 from the nozzle exit, fol-
lowing Ricou and Spalding (1961). Measurements were only conducted up to x/d.=14.
By using the 0° nozzle tip it is possible to investigate the magnitude of the swirl in
the jet induced from within the spinning nozzle tip. These effects were tested using an
exit velocity of 23.33m/s (Re=15,553) and a rotational frequency of 35Hz (equivalent
to St, = 15 x 1072), corresponding to the highest Strouhal number examined in this
work. The exit conditions have been measured with the Cobra probe (see Section 2.4.2)
which has the ability to detect the three components of velocity within an acceptance

cone angle of 90°.
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Measurements were taken from r/d.=0 to r/d.=4 in 5mm steps, in 7 different planes
above the nozzle x/d.=2 to x/de=14 in steps of 20mm. A statistically significant total

of over 10,000 data samples was collected for each spatial position.
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0.9 ) L] x/de= 2
\
0.8 A O x/do= 4
0.7 -
<® . x/do= 6
<o 06 ¢ o
W x/de= 8
A
Ex 0.5 .
de=10
= 0.4 . 3 o
03 o A x/de =12
02 P a U x/de =14
: ?l!& 4 A N 4. K .A
o1 R ‘?;A. e s 1 Tolimien Solution
0 == — - — - Schilichting Solufion
0 0.5 1 1.5 2 2.5 3 35 4
r/r0.5

Figure 2.5: Self-similarity of the jet produced by the spinning nozzle for ae = 0°, co-flow
velocity = 0.03m/s, Re=15,550, Stp=0.015

The mean axial velocity profiles are presented in Figure 2.5 in normalised form. The
local velocity is referred to the centreline velocity of the jet and the radial dimension
is normalised on the half-width of the jet (i.e. the radial position at which the mean
velocity is one half of its value on the axis). The results of the measurements are
compared with two theoretical models predicting the shape of the velocity profiles in
a simple turbulent jet with a uniform exit velocity profile. Tollmien’s solution (1926)
is based on the mixing length hypothesis, whereas Schlichting (1961) based his theory
on constant eddy exchange coefficient across the flow. Both theories were found to
be in good agreement with experimental investigations (Wygnanski and Fiedler, 1969;
Rajaratnam, 1976). The experimental data for the 0° nozzle, obtained with the Cobra
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probe, shows good agreement with the predicted values to about r/ro5 = 2.25 (Fig.2.5).
Beyond that point, the limitations of the Cobra probe and the pressure transducers
respectively in low velocity regions become significant. Nevertheless, it confirms that the
jet issuing from the 0° mechanical PJ nozzle displays reasonable self-similarity and also
conforms to the similarity expected of a simple turbulent jet, even when the mechanical

PJ nozzle is rotated at a frequency equivalent to the highest Strouhal number regime

used in the present work.
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Figure 2.6: Induced tangential velocity of the jet produced by the spinning nozzle for
ae = 0°, co-flow velocity = 0.03m/s, Re=15,550, Stp,=0.015

The tangential velocity components induced through the spinning motion are shown
in Fig.2.6. The time-averaged tangential, or swirl, velocity component in the precessing
jet flow is normalised on the exit velocity and the radius is divided by the exit diameter
of the jet. The tangential velocity on the centreline of the jet is at its maximum only
13.4% of the exit velocity, which can be regarded as insignificant. In the lower velocity
regions of the jet, in the radial and axial directions, the values drop below the resolution

of the Cobra probe.
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Another important comparison of the jet produced by the spinning nozzle is the
turbulence intensitiy. A comparison of the results of the spinning jet with a curve re-
produced from Wygnanski and Fiedler (1969) is shown in Figure 2.7. The experiments
show that turbulence increases with axial distance from x/d.=2 so that at x/de=12
the data is approaching Wygnanski and Fiedlers’s data measured at x/d.=20 when al-
lowance is made for the small co-flow velocity. This demonstrates that the turbulence
levels in the spinning jet issuing from the present mechanical nozzle are comparable with

those found in simple turbulent jets measured by others.
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Figure 2.7: Turbulence Intensity of the jet produced by the spinning nozzle with ae = Q°,
Re=15,550 and Stp=0.015

Detailed data for the jet issuing from the 45° inclined mechanical nozzle is presented

in Section 3.1.

It can be concluded that the jet which is produced by the present spinning mechanical

PJ noze compares well with simple turbulent jets investigated elsewhere and that neither
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the nozzle itself nor the spinning motion significantly influence the resulting flow field.
Thus, the mechanical PJ nozzle is an appropriate tool for investigating the effect of

precession on the mizing characteristics of a jet.

2.2 The Low Velocity Wind Tunnel

2.2.1 Design and Layout

A low speed wind tunnel has been designed, following Pankhurst and Holder (1952),
Bradshaw (1968) and Bradshaw and Pankhurst (1964), to provide well defined bound-
ary conditions and well known surrounding co-flow. The enclosure isolates the jet from
variations in laboratory conditions, such as cross draughts and temperature, and pro-
vides a small co-flow, just sufficient to satisfy the entrainment of the precessing jets up
to at least x/d.=40 and to avoid attachment of the jet on the tunnel walls. An empirical

equation for the entrainment of a simple turbulent jet is given by Ricou and Spalding

(1961):

de

ri1tunnel . Ihjet -0.32-

— et (2.1)
where Mynne s the mass flow rate in the wind tunnel (co-flow), mye is the mass flow rate
through the (precessing) jet nozzle at the nozzle exit, x/de is the axial position down-
stream from the jet exit and 0.32 is an empirical constant found by Ricou and Spalding
(1961). Nathan (1988), using a similar entrainment shroud to that used by Ricou and
Spalding (1961), repeated their entrainment measurements for a simple turbulent jet
and extended them to the precessing jet. He found the maximum entrainment for the

precessing jet, which occurs over the first 5 diameters, to be

Ii’ltunnel ~ 1:njet -1.48 - 1 - 1'hjet. (22)

de
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This is four to five times higher than the entrainment rate of a simple jet. These data
were obtained using the fluidic PJ nozzle (Section 1.1). Applying both equations 2.1 and
2.2 and entering ‘maximum flow scenarios’ gives an estimate of the maximum co-flow
for which the wind tunnel needs to be designed. The maximum axial distance at which
measurements are taken is x/d.=15, the maximum exit velocity of the jet in the present
investigation is 45m/s and the exit diameter of the jet is always 10mm (see Section 2.1).

Substituting these values into the continuity equation with p = 1.22kg/m? yields

ey = 1.22kg/m’ - 7 - 0.005°m? - 45m/s = 4.312 x 10~°kg/s. (2.3)

Calculating the mass flow for the tunnel using equation 2.1 and rearranging the conti-
nuity equation gives a required co-flow velocity in the tunnel of Viunnea = 0.017m/s for
a simple turbulent jet. Following the same procedure for the precessing jet but using
equation 2.2 gives a maximum required co-flow velocity of 0.08 m/s. Note that this
calculation is conservative, since the empirical constant of 1.48 only applies for the first
five exit diamters of the PJ flow. To be more conservative, while still providing a low
velocity such that its influence on the main flow is negligible, the wind tunnel was de-

signed to have a maximum co—flow velocity of <0.12m/s.

The wind tunnel has been custom designed and built to suit the dimensions of both
the mechanical nozzle and the laboratory in which it is housed. It provides a well defined
boundary condition and this boundary condition is also being used in a collaborative
numerical modelling program at the Pennsylvania State University (Manohar 1994).
Hence data from the present experiments can be used to validate the numerical solu-

tions. Figure 2.8 shows the overall design of the tunnel based on the above criteria.
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The tunnel is cylindrical and operates under an induced draft. This arrangement
allows access to the mechanical nozzle through the base and also eliminates disturbances
in the test section which could have been produced by a fan. To eliminate flow separation
at entry, thus to produce uniform inlet conditions and minimise pressure losses, the
entry is in the form of a bellmouth (Mehta, 1977; Mehta and Bradshaw, 1978). Salter
(1966) suggested in his review of ‘Low speed wind tunnels for special purposes’ that
the radial thickness of a truncated bellmouth ring should be greater than 3/8 of the
tunnel diameter. In our case, with a diameter of 1m, the optimal thickness of the ring
should, by Salter’s criterion, be 0.375m. However due to spatial restrictions and high
manufacturing costs a diameter of only 0.080m could actually be accommodated. It was
reasoned that if separation was apparent during commissioning, the bellmouth could be
faired smoothly down to the outer surface of the cylindrical tunnel. However the velocity
profiles, presented later, show that the additional fairing was not necessary to achieve the
required uniformity of the flow in the test section. Since there was no special requirement
to keep a low turbulence level in the tunnel, and also to minimise pressure losses, neither
honeycomb flow straighteners nor a contraction section other than the bellmouth were
required. Two screens were used to reduce the boundary layer thickness and reduce
the effect of the rotating nozzle drive on the velocity profiles. The screens are placed
320mm downstream from the inlet to allow enough space to position the mechanical
nozzle and its drive apparatus on the axis of the wind tunnel. Various sources (e.g.
Bradshaw and Pankhurst, 1964; Mehta and Bradshaw, 1978; Engineering Science Data
Unit, 1963) note that the total pressure drop coefficient, K, through the screens should

be about 2.0. This is adequate to remove nearly all variations in the longitudinal mean
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Aperture | Diameter | Mesh size | S K

[mm] [mm] [mm] | [] | []
Meshl1 0.5 0.32 0.815 037 | 1.67
Mesh2 2.0 0.45 2.450 0.67 | 0.29

Table 2.1: Meshes used in the inlet of the low speed wind tunnel
velocity, to provide uniform velocity profiles and to reduce the turbulence intensities.

The equation used to calculate the coefficient K for a simple woven mesh screen is

K=65.1=8) (U_d)—l/s

ke (2.4)

developed by Wieghardt (1953), where U is the tunnel velocity, d is the screen wire
diameter, v is the kinematic viscosity and £ is the open area ratio. For a series of

non-interacting screens the K values are additive. The equation for 3 is given by

B=(1-d/M)? (2.5)

where M is the mesh size. Mehta and Bradshaw (1978) note that screens with a value of
B which is less than 0.57 tend to produce instabilities in the form of longitudinal vortices
and coallescence of the jets from the holes in the screens. Therefore at least one screen
should have a value greater than 0.57 and it should be located in the most downstream
position. Taking the two main criteria into account (factor K~2 and 8 > 0.57) leads to

choice of the two meshes defined in Table 2.1.

Mesh 2 fulfills the criteria of having a 8-value greater than 0.57 and the sum of the
pressure drop coefficients of the screens is K=1.96 (assuming a velocity of 0.1m/s). Mesh
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1 with its low B-value and high pressure drop (high K value) was placed first, at the
furthest possible upstream location from the tip of the mechanical nozzle, to minimise
influences on the precessing jet flow field. By requiring that the static pressure is to
recover from the pertubation caused by the first screen and that the minimum streamwise
spacing is to be approximately equal to the scale of the large energy containing eddies
from the first screen, thus to achieve maximum turbulence reduction, the minimum
spacing between the two screens can be calculated. Three different criteria are applied

in practice

e mesh size x 30 (Bradshaw 1968);

e section diameter x 0.2 (Mehta and Bradshaw, 1978);

3

e screen wire diameter x 500 (Bradshaw 1968).

In our case the first criterion leads to a value of 0.815 x 30 = 24.45, the second gives
1000 x 0.2 = 200mm and the third 0.37 x 500 = 185mm. The dimensions of the me-
chanical nozzle (Appendix F) allow only a total distance from the first screen to the
nozzle tip of 185mm which has been divided in a distance between mesh 1 and mesh 2
of 100mm and a distance from mesh 2 to the tip of 85mm. The 100mm between mesh
1 and 2 fulfulls criterion one for minimum spacing of the screens and goes part of the
way towards satisfying criteria two and three. Whilst it might not fully minimise pres-
sure loss or provide maximum reduction in turbulence levels, the aim of the design was
not principally to provide low turbulence intensity, but rather to provide well defined
boundary conditions and to ensure that the co-flow influence is of second order. Thus,
it is argued that the co-flow velocities are sufficiently low compared with the jet flow

velocity to ensure that any turbulent disturbances which are introduced through the
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co—flow are small, and further they will occur at lower frequencies than those of interest
in the turbulent jet. The settling distance of 85mm after the second screen to the nozzle
tip is conservative. Mehta (1977) suggests that only a very small settling distance, or
none at all, is necessary. The test section has a length of 2m. However measurements
were only performed in the near field of the nozzle (x/d. <20) so the tests for uniformity
of the velocity profiles and measurements of the turbulence intensities are conducted in
that region only. At the end of the test section the tunnel diameter is reduced to match
a standard pipe with a nominal diameter of 100mm to fit the inlet of the centrifugal
suction fan (Engineering Science Data Unit, 1963j. The fan is connected to the wind
tunnel by rubber seals to avoid transmission of vibration into the flow.

The overall design of the wind tunnel is similar to the NPL Aero 18 inch tunnel de-

scribed by Salter (1966) for use in very low speed experiments.

2.2.2 Calibration and Velocity Distribution in the Wind Tunnel

To measure the low co—flow velocity of approximately 0.12m/s in the low speed wind
tunnel accurately, the technique of measuring the vortex shedding frequency behind
a circular cylinder was utilised. Roshko (1954) found that a stable and well defined
Karman Vortex—Street occurs in a small range of cylinder Reynolds numbers (40 <
Re < 150). In his experiments, cylinder diameters of 0.235mm to 6.35mm were used.
Roshko found the relationship between the Reynolds number (Re =u - d/v) and the

Roshko number (Ro =1{ - d?/v) to be

Ro=10.212-Re —4.5 for 50 < Re < 150
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Figure 2.8: The low speed wind tunnel

where u is the velocity, f the frequency of the vortex shedding, d the diameter of the
cylinder and v the kinematic viscosity. Gerich and Eckelmann (1982) and Williamson
(1989) respectively investigated vortex shedding for low length-to-diameter ratio cylin-
ders, and the effects of the boundary conditions on the angle and the frequency of the
shedding. The low speed measurement method derived from these previous investiga-
tions, and used here, was developed by Papangelou (1992). He produced a robust vortex
shedding anemometer by placing two spheres at a defined distance apart on the cylinder
to force the system into parallel shedding. In his investigation two different cylinders

were used, one with a diameter of 1.59mm and the other 2.37mm, with spheres of four
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times the respective cylinder diameters. The spheres were placed 19 cylinder diameters

apart. He found the relation between the Roshko and Reynolds numbers to be

d =1.59 Ro = 0.194 - Re — 4.032 for 60 < Re < 150

d =237 Ro =0.198 - Re — 4.577 for 60 < Re < 150

To set up the robust vortex shedding anemometer in the present facility for the velocity
range of < 0.12 m/s a cylinder with a diameter of 18.895mm has been selected to achieve
Reynolds numbers in the range necessary to achieve stable shedding (Re= 60 to 150).
Two spheres with d=75.58mm, which is four times the cylinder diameter, were placed
359mm apart on the cylinder (Fig.2.9). A hot-wire anemometer was used to test the
uniformity of the flow in the wind tunnel and to ensure the anemometer was positioned
in a uniform flow field. The signal from the 1.2 ym Platinum-Silver-Coated (Wollaston)
hot—wire with an active length of 0.5mm, located approximately 130mm downstream
from the cylinder and slightly offset from the cylinder axis, was analysed on a HP 3582A
spectrum analyser, following Williamson (1989). The results in Figure 2.10 show good
agreement with the results found by Papangelou (1992) over the whole range of Reynolds

numbers.

Since the vortex shedding behind the cylinder in the wind tunnel would be altered if
it were to be used during experiments with the precessing jet, the variable power supply
driving the suction fan was calibrated over the range of co-flow settings. Figure 2.11
shows the relationship between the Ampere settings and the mean co-flow velocity, as-

suming a uniform distribution across the wind tunnel.
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Figure 2.9: Inside the low speed wind tunnel showing the robust vortex shedding
anemometer, consisting of two 75.5mm spheres on an approx. 19mm cylinder and a

hot wire (suspended from the right wind tunnel wall)
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Figure 2.10: ‘Calibration’ of the vortex shedding anemometer in the low speed wind
tunnel plotted as Roshko number = f- dz/l/ as a function of Reynolds number = u - d/V
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Figure 2.11: A best fit curve of mean co—flow velocity data from Fig.2.10 as a function of
the tunnel fan—-power supply setting.

Velocity measurements have been taken every 50mm across the 1000mm diameter of
the cylindrical wind tunnel to define the co—flow velocity profiles over two planes: the
exit plane of the mechanical nozzle x/d.=0 and further downstream at x/d.=20. The
second plane is further downstream than the measurements domain for the precessing
jet investigation. An identical hot-wire to that described above was calibrated using the
robust vortex shedding method as a reference for the velocity magnitudes. A sampling
frequency of 2Hz was used with a total of 1024 samples collected per position to ensure
good statistical resolution. This corresponds to a very long sampling period of about
8.5 min for each radial position. Four different profiles were measured and are shown
in Figure 2.12. The profiles display adequate uniformity when precautions are taken
to seal the tunnel openings (compare set 2 repeated in set 5 with a better seal). The
turbulence intensities found in the test section are less than 5%, which is deemed to be

satisfactory and justifies the relatively simple design of the tunnel inlet.
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Figure 2.12: Velocity distributions in the wind tunnel. Note that the data for x/de=0
defined by the triangle was taken in a poorly sealed tunnel. Data defined by the white

square was obtained after the tunnel was sealed

In conclusion, the low velocity wind tunnel has been found to provide well defined
boundary conditions for the investigation of the precessing jet flow. It provides an ade-
quately uniform, low velocity co—flow which satisfies the entrainment appetite of both a
simple turbulent jet and a precessing jet, while keeping a low turbulence level. This en-

ables the investigation to be conducted in an environment which excludes all significant

influences from the surroundings.
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2.3 Flow Visualisation Techniques

2.3.1 Smoke Visualisation

A conditional flow visualisation technique is used to identify characteristic flow patterns

generated by precessing jet flows in air.

The Smoke:

Because the velocities are relatively high when using air, good visualisation requires
dense smoke which is achieved by injecting SO, and NHj through separate tubes into
the jet flow or into the surrounding air. The three gases react as follows to produce
S(NH,), which is a highly reflective, dense white powder which is itself non—toxic.
SO, + NH; + air — S(NHy4) + S + H,0 + air

The marker gases were injected tangentially to the exiting jet at one phase in the cycle
with about the same velocity as the jet to minimise the influence of the gas injection on
the flow. The timing and pulse width of the injection can be controlled to within 41ms
using an in-house controller. BOSCH automotive fuel injectors are effective as solenoid
valves for the technique and are timed to fire at a predetermined phase of the precession
cycle, referenced to the trigger pulse provided by the Hall effect sensor located adjacent
to a passive trigger mounted on the drive shaft of the nozzle. Figure 2.13 shows the
general arrangement of the technique. To ensure correct use of the toxic gases, a safety
procedure was developed which complied with standards of the University of Adelaide

Occupational Health and Safety Office.
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Figure 2.13: The smoke visualisation system mounted beside the nozzle and its variable
speed drive. NH3 and SOg2 are pulsed through two thin tubes to the right of the nozzle

The Cameras:

Images were recorded with a KODAK Ekta Pro 1000 high speed motion analyser, which
is capable of imaging at 30, 60, 125, 500 or 1000 frames/second. The maximum aper-
ture of F'1.8 enabled good contrast and illumination to be achieved for framing rates
of up to 500 frames/second. A zoom lens allowed selection of an optimal field of view.
The images were recorded on the FM tape drive of the Ekta Pro unit and were later
downloaded on to standard VHS video format. A 1000W Halogen-U-Lamp was used to

provide illumination of the flow field.
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For single still pictures a Minolta SLR, 35mm camera was used with a standard 200
ASA black and white film. A manually operated shutter and an aperture of F11 pro-
vided good images. A standard camera flash was connected with a synchronisation cord
and placed at 90° to the camera axis to provide illumination. The flash was shielded
on the side towards the camera to direct light fogging. The synchronisation cord was
connected with the microcontrolled trigger box mentioned earlier to trigger the flash.
This arrangement enabled optimisation of both the jet position relative to the camera

and the pulse duration to obtain good images.

2.3.2 Laser Sheet Flow Visualisation

Laser sheet flow visualisation was used to gain deeper insight into the flow field of the
precessing jet. The extreme Strouhal number cases only have been investigated with
both the exit velocity of 40m/s and the Reynolds number held constant. Techniques for
studying the high Strouhal number case with St, = f,-de/u. = 15x 1073 and a frequency
of 60Hz, and the low Strouhal number case with Stp = 2.15 x 1073 and a frequency of
8.6Hz using light sheets in the r—® plane and in the r—x plane are described below. Note

that for these techniques a continuous smoke supply was introduced through the nozzle.

The Laser and the Laser Sheet:

A 15W copper vapour laser with a variable pulse repetition frequency (PRF) of between
2kHz and 20kHz was used as the light source. For the present investigation the PRF

ranged between 5kHz and 20kHz. The pulse duration also varies with the PRF. For a
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PRF of 5kHz the pulse width is typically 50ns, whereas at 20kHz it is reduced typically
to 5ns with a maximum pulse energy of 6mJ. The pulsed laser has major advantages
when compared with standard strobe illumination. Conventional strobe illumination
systems have pulse widths of the order of milli-seconds, which tends to blur the im-
age in high velocity flows. They can also be weak in intensity and so produce poor
contrast. The copper vapour laser with its high intensity pulses and short durations
enables the motion to be ‘frozen’ and so provides clear instanteneous pictures of the
jet. In the present case the maximum flow velocity is 45m/s at the exit and the pre-
cession frequency is 60Hz. This means that, during the 50ns pulse, the flow moves less
than 2.25 x 10~3mm and rotates less than 1.296 x 10~3 degrees. The laser frequency
controller also has an external input which can be used to trigger the laser from a high
speed camera or a control box for single shots. This ensures precise synchronisation of

laser pulse and camera shutter to obtain maximum illumination and contrast.

Two conical lenses are used to create a narrow vertical or horizontal light sheet of
about 1-2mm thickness over the whole field of view of the cameras. Figure 2.14 shows a
photograph of the visualisation arrangement with a vertical laser sheet passing through

the axial plane of the flow from the mechanical nozzle.

Three different types of particles were used to reflect the laser beam. The particles
were introduced directly into the jet to obtain a good seeding density and hence good
reflection. A glycol based fluid vapour, which typically contains sub-micron particles,
was generated by a commercial fog-machine. The particles of the vapour show almost

no particle lag effect, as described in detail in Section 2.4.3. However, for flow visu-
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alisation in the high velocity flow of the precessing jet, solid particles display better
reflection and scattering characteristics. Both Titanium-Dioxide and glass beads with
typical particle sizes of about 10pm and 40um respectively have been introduced into
the jet to yield instantaneous pictures of the jet with adequate contrast to allow for

qualitative interpretation.

Figure 2.14: Vertical laser sheet generated from the Copper Vapour laser

The Cameras:

A PHOTEC 16mm High-Speed Rotating Prism camera system was used to record the
phenomena illuminated by the laser sheet. The framing rate can be chosen between 100-

1,000 frames/second in steps of 100 in the low range and 1,000-10,000 frames/second in
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steps of 1,000 in the high range. A double perforated 16mm black and white negative
400 ASA film was used (KODAK RAR and ILFORD HP5 PLUS). The orientation of
the camera was as close to being perpendicular to the laser sheet surface as possible
to ensure maximum illumination and maximum information. Use of a 45mm lens gave
a wide field of view. In most cases the camera trigger was connected to the frequency
controller of the laser to synchronise the frequency of the pulses with the framing rate of
the camera. The records without synchronisation are specifically indicated in the result

sections of the thesis.

Figure 2.15: The arrangement of cameras and object

Still photographs of the phenomena in the laser sheet were taken using a NIKON

F-801 SLR camera, also with a 45mm lens. The electronically controlled camera was
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linked with the laser via a control box which enables synchronisation of shutter delay
and laser pulse times. This enables optimal temporal resolution and the choice of single
or multiple exposure photographs. The exposure time was varied between one and 9
bursts per frame with the laser pulsing at 5-20kHz. The shutter speed was set to 1/15s,
1/30s or 1/60s with a maximum aperture of F1.4. Standard 1600 ASA or 3200 ASA
35mm films were used to record 6 different horizontal levels (x/d.=2-12) above the me-

chanical nozzle.

2.3.3 Laser Induced Fluorescence (LIF)

The water tank facility in which laser induced fluorescence, LIF, experiments were con-
ducted is a square section perspex tank with a 750mm x750mm cross section and a
height of 1.5m. A constant water level is maintained by an overflow weir with a thin
knife-edged lip. The mechanical nozzle and the electric drive were suspended from a
frame and directed vertically downwards with the exit plane of the nozzle about 400mm
below the surface of the water. The water supply was fed from a 200 litres supply tank,
fed from a centrifugal pump. The flow was measured by the flow rate meter before
passing through the nozzle tip into the tank. The flourescent dye is diluted in the ra-
tio of 0.1g of fluorescene to 200 litre and used to mark the jet fluid. The 488nm blue
beam from a Spectra Physics 5W Argon-Ion laser was expanded with a combination of
lenses into a 2mm thick light sheet. This light sheet was aligned to pass through the
vertical x-axis of the mechanical nozzle and to illuminate the r—x plane from its origin
to x/d. ~ 30. A video camera was used to record the images in standard VHS format.
Figure 2.16 shows the general arrangement and the detailed design of the technique is

described by Newbold (1997).
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Figure 2.16: Arrangement for the Laser Induced Fluorescence experiments

2.4 Measurement Techniques

2.4.1 Hot-Wire Anemometers

Hot wire anemometry is based on the measurement of the heat loss from an electrically
heated wire in fluid flow. In the constant temperature mode of operation the heat loss
is compensated by a Wheatstone bridge arrangement (an amplifier in a feedback loop)
to maintain a constant wire resistance, and hence a constant wire temperature for a
given applied voltage. The correction current is related to the flow velocity. One of the
simplest equations relating voltage to velocity is derived from Kings-Law (Perry 1962),

originally derived in the form: Nu = a + b - Re®%, which can be written as:

d4uos 2

where V represents the mean voltage measured and U represents the mean flow velocity

at the hot-wire. Kings law is sufficiently accurate for our purposes in the range of
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velocities greater than 5hm/s. To account for any change in the calibration over the
time period of the measurements (e.g. introduced by hot—wire ‘drift’) calibrations were
performed before and after each set of measurements. It was found that the drift was
very small. A typical calibration chart is shown in Figure 2.17 and is well represented

by the velocity—voltage relationship

U = (5.0538(V? — 0.49415))?

2
/ ol u before
1.5 Pid o after

,-’D/ — average

\/ Velocity

Figure 2.17: A typical hot-wire calibration curve, showing data collected before and after
an experimental run.

The hot-wire measurements were conducted using a standard 5um Tungsten constant
temperature hot-wire with an active length of lmm. The wire was calibrated against a
pitot static tube over the range 10 m/s to 100 m/s in the flow produced by a planar jet
nozzle, and at Om/s. The calibration nozzle provides a top-hat profile at the exit plane
to within 1%, as tested by Nathan (1988). The unfiltered signal from the anemometer
was converted to a digital signal and stored on a PC. For the calibration, 1000 samples
were collected at a sampling frequency of 200 Hz.

55



2.4.2 The Cobra Probe
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Figure 2.18: A photograph and sketch of the Cobra probe

Measurements of instantaneous, phase— and time-averaged, local static and dynamic
pressures have been conducted using a four-hole ‘Cobra’ pitot probe (Fig.2.18). This
probe has been delevoped at the CSIRO Division of Mineral and Process Engineering,

Menai, Australia, and is able to detect magnitudes and orientation of velocity from
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measurements of the pressure field around the probe head. In contrast to the five-hole
spherical and hemispherical head geometry of Wright (1970), and the conical head probe
of Judd (1975), the Cobra probe uses the four hole arrangement proposed by Shepherd
(1981). The probe head consists of a group of 3 holes each located on its own small
plane with each plane arranged at a 45 ° angle relative to the centre hole (Fig.2.18). The
arrangement ensures reliable measurement of the flow parameters within a 90° cone angle
by providing a well defined separation point at the tip. Thus the response of the probe is
remarkably independent of the Reynolds number. The probe has been used successfully
in various highly turbulent flow fields (Hooper and Musgrove (1991), Hooper et.al.(1992),
Musgrove and Hooper (1993), Hooper and Musgrove (1995) ). The four-hole Cobra
probe used for the present investigation has a spatial resolution of approximately 8mm?
with a distance of 2mm between the 0.5mm holes (Fig.2.18). The four Sensym detectors,
mounted with four pre-amplifiers in the probe stem (Fig.2.18), have a standard pressure
range from 0 to £1.0kPa, or an amplified range from 0 to +0.33kPa for better resolution
of lower velocity flows. The pressure transducers have been specifically modified to give
a frequency response up to 2,500 Hz. The characteristic response over that frequency
range and the phase shift of the pressure signal are shown in Fig.2.19. From a comparison
of the frequency response of the probe with that of a B&K microphone an experimental
transfer function can be obtained to correct the signal in the frequency domain following
Bergh and Tijdeman (1965) and Irwin et.al.(1979). A comparison of the corrected and
uncorrected pressure signal indicates that the peak values of the signal suffer much

smaller attenuation by application of this method (Fig.2.20).
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Figure 2.19: Phase shift and frequency response of a pressure signal taken with the Cobra

probe in a turbulent jet flow.
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Figure 2.20: Corrected and uncorrected pressure signal taken with the Cobra probe in a

precessing jet flow.
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The Cobra probe and the four pressure transducers respectively were calibrated in
two steps. First, approximately 6 to 7 different known static pressures were applied on
all four holes to calibrate the transducers and to find the slope of the linear relation
between pressure and the voltage output. Custom designed and developed software
allows calculation of a linear curve fit and this procedure is repeated until a curve fit of
99.99% 1is achieved.

Following this procedure the probe was put in the 30m/s uniform flow within the core
region of a simple turbulent jet to obtain the relationships between the pressure signal
and the magnitude and orientation of the velocity. A calibration ‘surface’ was created
by varying pitch and yaw angles through a range of +48° in steps of 6°. In the analysis
of the probe response, pressure ratios are calculated. Following Shepherd (1981) and

Hooper and Musgrove (1991) the pressure equations become:

X1 = (P — P3)/(Po — P3) (2.6)
X2 = (P — Pa)/(Po — Ps) (2.7)

Xd = (0.5pu%/(Pg — Ps) (2.8)
Xt = (P, — Po)/(Po — Ps) (2.9)

where Pg is the central hole pressure, P is selected to be the minimum of the outer hole
pressures, P; and P, are selected cyclically from the two remaining outer hole pressures.
P, is the total pressure and u is the flow velocity. The variables Xd and Xt (and yaw
and pitch angles) are calibrated against X1 and X2 at the known flow velocity and over
the desired yaw and pitch angle range. Two of the typical parts of a calibration surface

are shown in Figure 2.21.
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Figure 2.21: Calibration Surface cut at pitch of: a) 0°; and b) —42°.

For the measurements in the precessing jet flow the results were phase-averaged over
multiple cycles of precession. Four channels of the pressure signal from the probe were
collected simultaneously with a fifth channel containing a trigger signal to reference the
angular position of the spinning nozzle. A good signal to noise ratio was achieved during

the measurements and a typical signal is displayed in Figure 2.22.

The data were then phase-averaged relative to the reference signal, which marks ®o

(® = 0), using software developed for the purpose. The sampling rate of 5kHz with
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Figure 2.22: A typical pressure signal from the Cobra probe showing one cycle of preces-
sion in the precessing jet flow.

22,500 points recorded on each of the 5 channels, allows 67 cycles of the precessing flow
to be recorded and phase-averaged for each probe position. The probe was traversed
radially in 5mm increments. At each of the radial positions it was orientated at 6 dif-
ferent yaw and pitch angles to accommodate the 90° acceptance angle. The data were
later combined, after rejecting data that corresponded to flow directions outside the

acceptance angle, to produce the full 3-dimensional flow field.

There are three dominant sources of error associated with the measurements using
a Cobra probe. The predominant source is the resolution of the pressure transducers.

For the most sensitive pressure range (—.33kPa to +.33kPa) the corresponding velocity
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range is +23.38m/s. An absolute error of £0.5%, i.e. &1.67Pa corresponds to £1.65m/s.
Thus, the resolution of low velocity flows is limited and measurements of less than 2m/s

must be treated with caution.

Secondary sources of error relate to the Reynolds number effects and to ‘look—up’
errors when interpreting the calibration curves. These sources have been examined by
Hooper and Musgrove (1991) for a high velocity case. A flow of 110m/s was examined to
recalculate the corresponding data for a calibration taken at 16m/s. The mean velocity
error was found to be 1.7% with a standard deviation of 0.9m/s. The mean yaw angle
error was 0.9° (standard deviation of 1.9°) and the pitch angle -0.3° (standard devia-
tion of 2.8°). This test included both the typical interpolation error in the calibration
curves, and the Reynolds number effects for a fairly extreme velocity range. Since the
calibration surfaces have steep gradients in some parts, no general level of accuracy can
be given. However, sources of error such as these examined by Hooper and Musgrove
(1991) are not likely to be significant for the present experiments since the velocity range

involved is relatively modest.

The third possible source of error is the estimation of the probe transfer function.
This could lead to errors in the order of 2% for the function used here. Because this
error is frequency dependent, it mainly effects the fluctuating velocity components and

not the mean values of velocity.

Other less significant sources of error are connected with the spatial resolution of

the probe. These are hard to quantify but are known to become important in flows
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Figure 2.23: Apparatus and coordinate system used in the Cobra probe measurements.

with high shear gradients (Hooper and Musgrove,1995). The Taylor model of a frozen
turbulent structure advected past the probe tip may be used as an estimate of the
structures resolved by the probe. By the criteria of this model, the spatial resolution
of the probe is well balanced with the temporal response. This criterion requires that
for a frequency response of the probe of 2.5kHz and maximum velocity components
of 21.2m/s the minimum structure that can be resolved has a scale of the order of one
nozzle diameter, which is more than sufficient resolution for the current investigation. In
the lower velocity regions the minimum structure size which can be resolved is obviously

even smaller.
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2.4.3 Laser Doppler Anemometer System

Three dimensional velocity measurements have been conducted at the University
of Wales in Cardiff. A schematic of the experimental arrangement is shown in Fig.2.25.
The LDA system is a DANTEC three—component backscatter system using a COHER-

ENT Inova 70 series 5 Watt Argon-lon laser.

Figure 2.24: The 3-D LDA system and the mechanical nozzle

Optics:

To remove directional ambiguity, all three colours are frequency shifted by Bragg cells.
After the colour separation and beam splitting, the six beams are optically coupled into

two fibre optic probe heads. The two heads are set at 90 degree to each other and
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arranged so that the six beams cross at a point 600 mm away from the heads. With this
arrangement, direct measurement of each of the three velocity components is possible.
The tangential, axial and the radial velocities in the present experiments have been
measured using wavelengths of 514.5, 488.0, and 476.5 nm respectively. The lengths of
the control volumes for each of the beams, calculated from the 600mm focal length of
the lenses, the beam diameter, the wavelength and the incidence angle are: for the green
beam dr=4.9mm; for the blue beam dr=4.6mm; and for the violet beam d®=4.5mm.

The diameter of each of the control volumes is about 0.16mm.

Signal Processing and Data Acquisition:

In the experiments described here the signals from the three beams were sent to separate
Burst Spectrum Analysers and the resulting frequencies were stored on the PC with their
associated arrival times. In addition to the velocity signals, a fourth trigger signal, to
reference the angular position of the spinning nozzle, was collected simultaneously. The
data were then phase-averaged relative to that reference signal, which identifies ®o (@ =
tangential direction at the exit plane), over multiple cycles of precession with a chosen
resolution of 360 parts for each cycle (1 degree segments). A total number of 42,000
(3x 14,000) points were recorded on each of the channels, allowing more than 100 cycles
of precession to be recorded and phase-averaged for each radial position. The software
used for the averaging was developed by the University of Wales specifically for the

present experiments.

Seeding:

To maintain a high data rate in the jet flow and in the external flow, both the jet

and the ambient fluids were seeded. A ROSCO 4500 fog machine was used to produce
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‘HAZE’, sub-micron glycol particles which were found to have negligible influence on

the dominant flow patterns, and which have very good scattering characteristics. To

ensure uniform seeding of the surrounding fluid and the jet fluid with one fog machine,

different hose diameter ratios have been assessed.

Traversing:

The optical heads carrying the laser beams were mounted on an automatic DANTEC

traverse system which locates accurately to within = 0.05mm. The beams were traversed

radially (along the green and blue beams) from the nozzle axis, r=0mm, to r=120mm

in 5mm steps, thus collecting 25 radial positions for each plane. Six r-@ planes at the

distances x/d.=2,4,6,8,10 and 12 were measured.
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Figure 2.25: The apparatus used for the LDA measurements
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Discussion of Accuracy:

The most significant limitation in the LDA technique used here is the inability to re-
solve large velocity gradients accurately. This is due to the length of the control volume
and limited radial (bmm traversing steps) and angular (1° = 2mm at Ima=120mm)
resolution, resulting in a broadening of the mean velocity. In the present case, for the
tangential and the axial velocity (green and blue beams) the control volumes (lengths
of 4.9mm and 4.6mm respectively) and the traversing are orientated along a radial line.
This causes poor resolution for the gradients %i} and d;—rx, whereas the gradients % and
%= are resolved with a much higher accuracy due to the angular resolution of 1° and

the diameter of the control volume of 0.16mm.

The control volume of the violet beam, measuring the radial velocity component, lies

in the tangential direction. This leads to poor resolution in the gradients e and due

The size of the traversing steps determines the resolution in radial direction, compared

to a small width of the control volume. In the tangential direction, the length of the

control volume is 4.5mm, which defines the resolution, being larger than the 1° angular

resolution. In the present case the errors in the components dug dug dur pnd dur gre
dr ¥ dr? dr dd
difficult to estimate, since the velocity gradients in a precessing jet flow are not known

apriori. Durst et al. (1981) suggest the error should be estimated from the series

V2 U, | VA dU

<U>-Um () + 5 (g7)

. (2.10)

where < U > is the spatial average of the particle velocity U over the scattering
volume V, at a point z. Estimates by Durst et al. (1981) and by Komori and Ueda

(1985) applying this equation found that the limitations of spatial resolution in a simple
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turbulent jet are insignificant (< +0.4%). Since the control volume in the present case
is less than the 9mm of Komori and Ueda (1985), while the nozzle diameter is the same,

the error in the present case can be inferred to be in an acceptable range.

The velocity bias towards higher velocities which is inherent in the LDA technique,
was first recognised by McLaughlin and Tiederman (1973). The fact that the anemome-
ter detects particle motion rather than the fluid flow directly leads, for fluctuating flow
fields, to a bias in the measurement which favours higher velocities. The probability of
sampling a particle is:

N,=U-M-A,-dt (2.11)

where N, is the average number of samples obtained during the time interval di, U is the
magnitude of the velocity vector, A, is the projected area of the measurement volume

and M is the average particle number density. After integration the equation becomes

Ny _ Uy
Ny Uy

(2.12)
where the subscripts L and H indicate low and high velocities and the number of sam-
ples respectively. This demonstrates the positive bias in the technique towards higher
velocity particles. To reduce this inaccuaracy, both the surrounding fluid and the jet
fluid were uniformly seeded with a high particle density, following Edwards (1981). A
controlled processor was also used; this samples the validated data at equally spaced
intervals using only the first signal to arrive in that interval. Winter et.al. (1991) have

shown the advantages of these procedures, both theoretically and experimentally, in

comparison with other methods.
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Fringe bias, or angle bias, occurs because particles crossing the control volume in
a direction perpendicular to the fringes are required to produce a minimum number of
cycles to be recorded and accepted as a valid signal. Particles crossing at an angle,
or in the outer regions of the control volume, do not produce the minimum number of
required cycles and so are not registered. The equation for the polar response of the

probe volume

]—]\\;% Ur 273
Pr(0)=|1—- (CE’G—) + 7) (2.13)

shows the dependancy of the response on the angle © of the arriving particles. In
equation (2.13) NF is the minimum required number of fringe crossings for a valid sig-
nal, NF, is the total number of fringes in the probe volume (before the frequency shift),
O is the angle of incidence of particles with respect to the plane of the fringes, Ur is
the fringe velocity and U is the magnitude of the particle velocity vector. To eliminate
angle bias the aim is to keep the polar response constant during the measurements,
which means that for the present experiments an appropriate frequency shift had to be
applied to each of the three beams (Durst et al. 1993). The shift to a higher frequency
leads to an increasing number of fringes in the control volume and hence the directional

sensitivity can be reduced or even eliminated. In the experiments a frequency shift of

40 MHz was set to minimise the fringe bias.

That the shift to a higher frequency leads to a ‘clock-induced’ error was disvovered by
Graham et al. (1989). They found increased values of measured velocity with increasing
frequency shift, which leads to the assumption that the data were biased towards higher

frequencies which would result in a lower number of clock pulses. The limited speed of
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the clock will limit the resolution of the controlled processor R., which can be calculated
from fp = the Doppler frequency in Hz, where fp = fu + fshist and fu 1s the actual
frequency induced by the velocity of a seed particle in Hz. If NF' is the number of cycles
required by the processor for signal validation and 7 is the time for one clock cycle, the

equation for the controller resolution is then

NFfp

Rc:NF—TfD—

fp (2.14)

The present system was operated with a frequency shift of 40 MHz. At this frequency

clock bias could be detected and was corrected as recommended by Graham et al. (1989).

Particles of HAZE, the glycol based fluid, have a typical diameter d, < 1um and a
density ratio relative to air of o = 800. Melling and Whitelaw (1975) and Durst et al.
(1981) used an approximate equation, derived from the Stokes equation, to determine
the frequency response of the particles and found that they satisty to the criterion:

amplitude of particle oscillation/amplitude fluid oscillation > 99%. The equation

<0.4'V
Y=es

(2.15)

predicts a frequency response, w, of the HAZE particles to be up to 7.5 kHz, which

is much larger than the expected maximum turbulence frequency in the jet.

From the dimensions of the control volume, the velocity of the flow and the number
of bursts per second, a number density of the scattering particles can be calculated
to be N = 3.5 x 10'° particles/m3. This concentration is sufficient to resolve velocity

fluctuations in excess of 200kHz using the equation of Durst et al. (1981). This frequency
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is orders of magnitude higher than the frequency fluctuation in the turbulent jet and
thus it can be concluded that the particle arrival rate is adequate (Durst et al. 1981).

An equation to give an estimate of the statistical error, €, that can be expected in a
randomly sampled data set of length N with the given data rate 7, a standard deviation
o, of the mean velocity @ and the integral time scale T, was used by Winter et al.

(1991) and by Bremhorst (1993):

2T, il ou1?
2 . u u
? - N [1+2nTu] [u] (2.16)

Equation (2.16) suggests that the statistical errors in the present experiments are ex-

pected to be insignificant.

Finite transit time broadening is negligible, since the measurements were taken in a
flow field with high turbulence intensities and the errors due to instrument broadening

from the spectrum analyzer have been eliminated (Durst et al. 1981).

From the above discussion it may be concluded that the main source of errors in
the LDA measurements are due to the size of the control volume and the high velocity
gradients in the precessing jet flow, which leads to broadening of the data. However, it
has been shown that the errors due to spatial resolution are ezpected to be small and that

other sources of error have been eliminated or reduced to an insignificant size.
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Chapter 3

THE DEPENDENCY OF THE
PRECESSING JET ON THE

STROUHAL NUMBER

3.1 The Non—Rotating Jet

A precessional Strouhal number of St,=0 represents the case of a stationary (i.e. non-
rotating, f,=0), simple turbulent jet. An investigation of that flow serves to test whether
the exiting flow from the mechanical nozzle is perturbed by the nozzle profile and up-
stream flow path. The nozzle tip with an exit angle of 45° is used here and in all of the
subsequent measurements. Velocity profiles are taken with a single hot-wire probe and

a two dimensional Laser Doppler Anemometer.

From a detailed review of the literature, and with particular reference to the work of

Abramovich (1963), Crow and Champagne (1971), Wygnanski and Fiedler (1969) and
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Figure 3.1: The x—y-z coordinate system for the non-rotating jet only

Rajaratnam (1976), a list of the characteristics which typify a simple turbulent round
jet has been assembled and used as a basis of comparison for the present nozzle. To
facilitate comparison with the cartesian based data of the above authors the cylindri-
cal coordinate system used for the main body of the thesis has been transformed to a
cartesian system for the present discussion. Note that the x—axis defines the direction
of the jet, the y—axis is normal to the jet axis and the axis of the nozzle body and z
is the third rectangular component (Fig.3.1). Visualisation of the whole flow field has
been combined with hot—wire anemometry (Section 2.4.1) and laser Doppler anemome-
try (Section 2.4.3) to provide data which can be compared directly with those referenced

above.

To identify the structures in a non—precessing turbulent jet, images have been formed
using the laser induced fluorescence technique described in Section 2.3.3. The exit
Reynolds number of the jet is 26,000. The jet from the mechanical nozzle, directed
along the x-axis (which is at 45° to the axis of the main nozzle assembly), shows fea-
tures which are typical of a conventional free jet. From Fig.3.2 a half spreading angle,
typically 12° (Abramovich 1963), can be observed. Orderly structures similar to those
described and visualised in a turbulent jet by Crow and Champagne (1971) and by

Bradshaw et al. (1964), are also visible. These authors describe two kinds of structures
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Figure 3.2: Image of the non-rotating water jet issuing from the 45° mechanical nozzle.
LIF technique, Re=26,000.

in the Reynolds number regime around 10*: surface ripples on the jet column and a
tenuous train of large scale vortical puffs. Figure 3.2 displays the flow issuing from the
present nozzle, in which ‘orderly’ structures and a train of large vortex puffs can be seen

clearly.

An important parameter which influences the development of a jet issuing from a
nozzle is the uniformity of the exit velocity profile. Figures 3.3 and 3.4 show hot—wire
measurements of the profiles, in the xy— and xz—planes, with the jet exiting from the
non-rotating mechanical nozzle. A small initial asymmetry at x/d=0.5 is apparent in
both of these planes. This asymmetry decays rapidly and, at least in the subsequent
profile taken with the hot-wire at x/d=3.0, satisfactory symmetry is reached and main-
tained as the jet progresses downstream. The maximum asymmetry Au /u in this initial

region of the the jet is < 8%.
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Figure 3.3: Velocity profiles, traversed in y-direction, in the non-rotating jet issuing from
the ae = 45° mechanical nozzle. Re=26,000
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Figure 3.4: Velocity profiles, traversed in z-direction, in the non-rotating jet issuing from
the ave = 45° mechanical nozzle. Re=26,000.
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To complement the hot-wire measurements velocity profiles at x/d.=1.0 have been
taken with a laser Doppler anemometer system (Section 2.4.3). The results in Fig-
ure 3.5 show that the initial asymmetry which was apparent at x/d.=0.5 is insignificant

at x/de=1.0 from the nozzle exit.
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Figure 3.5: Velocity profiles at x/de=1.0 and a symmetric line of best fit in the non—
rotating jet issuing from the ae = 45° mechanical nozzle obtained by LDA. Re=26,000

Based on the velocity profiles two ‘internal’ dimensions of the jet can be determined:

e a linear extrapolation of spreading angle of the jet (Figure 3.7), using the radius
ro.s Where the velocity has decreased to half the centerline velocity, defines the

location of the virtual origin to be at x/d. ~ —4

e decay of the average centerline velocity indicates that the downstream limit of the

potential core is in the range 2.3 <x/d. < 2.5.
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The location of the virtual origin, xo/d. = —4, for the jet issuing at 45° from the
mechanical nozzle can be directly substituted into the equation for the velocity decay

of the centerline in an axial turbulent jet (Rajaratnam 1976):
ux,cl/ue =6.3- (X . XO/de)_1 (31)

where uyq is the local centerline velocity, u. is the exit velocity of the jet, x is the
axial distance from the nozzle and xg is the location of the virtual origin. Rajaratnam
considered a large number investigations which show a range of different locations of
the virtual origin. He assumes, based on the evidence, a fixed length of 6.3 nozzle
diameters from the start of the virtual origin to the end of the potential core. The
average decay of the centerline velocity in the present jet shows good agreement with
this equation (Figure 3.6). As the jet entrainment increases with the axial distance
from the nozzle (Ricou and Spalding, 1961), the jet centerline velocity decays and the
jet spreads according to the entrainment rate. The spreading of the jet issuing from the
mechanical nozzle is compared with the 5° half angle found by Abramovich (1963) for
a simple turbulent jet in Figure 3.7. Good agreement is found in the y—direction and in
the z—direction the agreement is still adequate with the maximum deviation from the
5° spreading angle being Args/d. = 0.027, where Arg s is the deviation.

If the turbulent jet is self-similar the normalised hot-wire velocity profiles at down-
stream locations should collapse on a single curve. Normalising the velocity with the
local centerline velocity, and normalising the radial position with the local radius rg.s,
the radius at which the centerline velocity has decayed to half of its value, leads to the
results presented in Figures 3.8 and 3.9. Reasonable self-similarity is displayed in both
the y— and z—directions. Figures 3.8 and 3.9 also show good agreement with a theo-
retical profile derived by Tollmien (1936) from the mixing length theory, which shows

good agreementwith results of various experimental investigations.
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Figure 3.9: Self-similarity of the non-rotating jet in z-direction. Re=26,000
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Figure 3.10: Axial turbulence intensities at x/de=1.0 in the non-rotating jet obtained by
LDA. Re=26,000

The final feature of the simple turbulent jet addressed in this Section is the effect
of the particular inlet conditions of the tested nozzle on the turbulence intensities. Fig-
ure 3.10 shows profiles at x/d=1.0 obtained by the Laser Doppler Anemometry. The
measurement planes include the potential core, and the turbulence level of about 15%
within that core agrees well with the turbulence levels found in the investigations refer-
enced above (see also Figure 2.7 in Section 2.1.3). The symmetrical rise of the turbulence
level in the turbulent shear layer of the jet confirms the good degree of symmetry of the

jet deduced earlier from the velocity profiles above.

It can be concluded that, within the accuracy of the measurements, the turbulent jet
issuing from the present 45° nozzle does not vary significantly from the simple turbulent
axial jets investigated by Rajaratnam (1976), by Abramovich (1963) and by Wygnanski
and Fiedler (1969). Thus the nozzle is an appropriate tool for investigating the effect of

precession on the characteristics of a jet.
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3.2 The Low Strouhal Number Jet

In the previous section it was demonstrated that, when it is not rotating, the me-
chanical nozzle produces a turbulent jet which is conventional in all major aspects. In
Sections 2.1.2 and 2.1.3 it was shown that the spinning motion of the mechanical nozzle
in the absence of a jet has only an insignificant influence on the flow field. Thus the
effect of causing the jet to precess by rotating the nozzle can be expected to be dom-
inated by the precession and not by features of the nozzle itself. First, the nozzle is
rotated at a modest frequency of 8.05Hz causing a jet with ue=40m/s to precess. These

conditions correspond to a Strouhal number of 2x 1073 and a Reynolds number of 26,600.

Flow visualisation techniques allow global observations of the flow field. To quan-
tify the observations, measurements of the three velocity components have been made
using a three dimensional LDA system. From these measurements phase-averaged and
time-averaged representations of the data are derived. Measurements are taken in r-®
planes at x/d. = 2,4,6,8,10,12. A total number of 42,000 points per radial position
ensures over 100 points for each mesh point in the phase averaged domain. This pro-
vides reasonable statistics not only of the mean components, but also of the turbulence
components and the Reynolds stresses. The total number of 42,000 points enables good

resolution of the higher order moments to be obtained in the time-averaged domain.

3.2.1 The Overall Flow Field

The first visualisation experiments were conducted using the conditional smoke pulse
technique, described in Section 2.3.1, in which smoke is iiljected parallel to the exiting

jet. Figure 3.11 shows an instantaneous picture of the rotating jet obtained by this
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means. Two consecutive cycles of the precession are marked at the same angular po-
sition by puffs of smoke and the flow field is illuminated by a Halogen U-Lamp. The
two smoke puffs are not deflected from the 45° exit angle but follow each other along
the same straight path. It also seems that no fluid is recirculated. This shows that the
flow trajectories in a low Strouhal number jet (here St, = 0.002) are similar to those in

a simple turbulent jet.

Figure 3.11: Two consecutive cycles of precession in the low Strouhal number jet (here
St5=0.002). The beginning of each cycle is marked by a smoke pulse. Re=26,600

A laser sheet flow visualisation technique in air (Section 2.3.2) is used to examine the
above findings in more detail. Figure 3.12 shows this technique applied with glass beads
of d< 40pm used to mark the jet fluid. The picture is taken with an SLR camera through
the x—t plane of the precessing jet. It indicates that locally the flow closely resembles
that in a simple turbulent jet. The structures of the ‘preferred’ mode of the jet (Hussain
and Zaman, 1982) are also visible. Comparison of the LIF image of the stationary jet,
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Figure 3.2, and the low Strouhal number precessing jet, Figure 3.12, show their main
features to be similar. The jet remains in the light sheet, indicating that there is no
deflection in the tangential direction. Also the path of the jet relative to a 45° line is al-

most undeflected. Only a slight deviation indicates that a small pressure gradient exists.

Figure 3.12: Vertical Light Sheet from 0<x/de <12 through the r—x Plane in the low
Strouhal number Jet marked with glass beads. Stp=0.002.
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3.2.2 The Axial Velocity Component

Contours of the phase-averaged axial velocity in the low Strouhal number precessing
jet flow, measured with the LDA system, are shown in Figure 3.13 and Figure 3.14.
The colour scales of the contours are adjusted individually for each figure to show the
highest velocity in red and the lowest in blue. Hence the colours in these figures should
not be used when comparing different figures. For all data the exit Reynolds number is

Re=26,600 and the Strouhal number of precession is St, = 2 x 1073.

Figure 3.13 and Figure 3.14 also show instantaneous images of the jet at correspond-
ing axial distances. For these images a horizontal light sheet (r-® plane) produced by a
copper vapour laser is used to illuminate glass beads of < 40um diameter which mark
the jet fluid (Section 2.3.2). The mechanical nozzle, seen in the background, is illumi-
nated by light scattered from the particles. The jet in the visualisation experiments
is not in phase with the velocity measurements and nor is it in phase from one axial
distance to the next. The precession in the experiments is clockwise when viewed in the
negative x—direction. These figures enable direct comparison of the visualised instanta-
neous contour of the jet and the phase—averaged axial component of the precessing jet.
Strictly, only images of particles in the high velocity core region of the jet should be
trusted since the glass beads (< 40pum) used for seeding the jet have initial momenta

which is too large to follow the flow accurately (see Stokes equation 2.15).
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At x/d. = 2 the initially round jet is not deformed by the precession but its cross
section appears to be elliptical since the jet is inclined by 45° to the r—® plane of the
measurements. This is also revealed by the instantaneous image. A slight flow reversal
of approximately 1m/s is measured in the region between the precessing jet and its
spinning axis, but in the front and ‘lee’ side of the jet no reversed flow is detected. At
the next position downstream from the nozzle exit, x/d. = 4, the core of the jet is
still relatively unaffected by the precession. A tail starts to develop in the ‘lee’ side of
the jet. Reverse flow of about 0.5-1m/s is detected both on the inside and outside of
the precessing jet. The instantaneous glass bead image reveals the presence of a region
which bears some resemblance to a wake developing in its ‘lee’ side. Otherwise the jet

is almost undeformed.

Further downstream at x/d. = 6 and 8 the influence of precession becomes more
evident. The core of the jet remains relatively undeformed, but the tail or ‘wake’ in the
low velocity region grows rapidly. The reversed flow zones on the two sides of the jet
become well established and are of the same order, 1m/s, as in the earlier measurement
planes. The characteristics revealed in the instantaneous images are consistent with
those of the phase—averaged LDA measurements. The trends at the axial distances of

x/de = 10 and 12 are similar.
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Figure 3.13: Instantaneous particle images and phase-averaged axial velocity Uiy contours
at x/de=2, 4, 6. Stp=0.002, Re=26,600.
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Figure 3.14: Instantaneous particle images and phase-averaged axial velocity iy contours
at x/de=8, 10, 12. Stp=0.002, Re=26,600.
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In Figure 3.15 are plotted the time-averaged axial velocities in the low Strouhal
number regime (St,=0.002), measured on radial traverses from x/d.=2 to x/d.=12.
The reverse flow regions detected in the phase—averaged measurements are not evident
in the time-averaged domain and thus appear to be weak phenomena which occur only
in the immediate instantaneous vicinity of the jet. The peaks of the profiles can be used

to trace the translation of the jet by its mean velocity component in the radial direction.

At x/d. = 2 and 4 the maximum time averaged velocity occurs at r/d.=2 and 4
respectively, which corresponds to the initial 45° direction of the jet. At x/d. = 6 and
8 the jet has been deflected, relative to the 45° trajectory, by approximately one nozzle
diameter toward the spinning axis. At x/d. = 10 and 12 this deflection is increased to
two nozzle diameters. The deflection is consistent with a zone of reduced pressure which
has been identified between the jet and its spinning axis in the low Strouhal number

regime, as will be shown in Figs.4.5 to 4.8 of Section 4.3.2; (see also Schneider et al. 1993).

It is also apparent that the profiles become progressively more asymmetric with in-
creasing distance from the nozzle. The steeper velocity gradients on the ‘inner’ side of
the jet relative to those on the ‘outer’ side are consistent with the stronger pressure

gradients near the spinning nozzle, as will be shown in Section 4.3.2.
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3.2.3 The Radial and Tangential Velocity Components

Both the phase-averaged radial component as well as the phase-averaged tangential
component for the low Strouhal number case (St;=0.002) are combined to form veloc-
ity vectors in the r—® planes (Figure 3.16). In the vector plots the colour scale is not
adjusted between the plots to emphasise the decay of the components. However, the
length of the vectors are scaled for each figure to allow the direction of the low velocity

flows to be seen.

Close to the nozzle, at x/d. = 2, the red vectors clearly define the region occupied
by the precessing jet. The vectors indicate a tangential velocity component which is
negative (in the direction of the precession) in front of the jet and positive (against the
direction of the precession) in the ‘lee’ side of the jet. The spread of the vectors, and
thus the spread of the precessing jet, seems to be greater than the 12° half angle typical
of a simple turbulent jet. This observation is re-visited in the concluding section of the
present chapter. At x/d. = 4 the velocity of the precessing jet has decayed rapidly
(green vectors), due to high shear stresses in the jet. Further downstream, at x/d. = 6,
the green vectors in the ‘lee’ side of the jet show a small positive tangential velocity
component (against the precession). Tangentially, in front of the jet the vectors possess
a small negative tangential and radial component. This is more evident at the next two
axial planes, x/d, = 10 and 12. A slight vortical motion can be detected tangentially in

front of the jet.
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The time-averaged radial velocity component is displayed in Figure 3.17. It is com-
parable to the axial velocity in the time domain, supporting the finding that the jet is
hardly deflected from its initial direction of 45°. The peaks of the profiles are located at
the same radial distances as the axial profiles. The values are generally lower than the
axial component, due to the ‘tail’ in the axial velocity contours. Close to the nozzle exit
(x/de=2, 4 and 6) a slight overall inflow towards the jet seems to occur. This indicates

that there is a radial entrainment by the jet.

The time—-averaged tangential velocity component is displayed in Figure 3.18. The
values are much lower than the other two velocity components, since the jet exits on
the axis of rotation and does not have any initial tangential component (ugo = 0). At
x/d.=2 the peak value of 2.5m/s is located radially slightly inward from the location of
the centreline of the precessing jet. At x/d.=4 the peak tangential velocity has decayed
to 1.2m/s and the peak is again slightly inwards (smaller r—coordinate) compared to the
peaks of uy and u;. The minimum of the tangential velocity is just on the inside edge

of the jet, where negative values of -0.5m/s are measured at almost all the axial distances.
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3.2.4 The Turbulence Intensities

The turbulence intensity is defined as the normalised root-mean-squared (RMS) of the
fluctuating velocity component, u'ﬂxz:,q, for the phase-averaged components and \/ﬁ
for the time-averaged component. The RMS value is non-dimensionalised with the re-
spective local phase—averaged mean velocity component to demonstrate the turbulence
level at each individual location. However, this leads to much higher levels of turbulence
than are found in the literature for simple jets. As in a simple turbulent jet the RMS
values are normalised by the maximum total velocity, i.e. the local centreline velocity,
in the plane of the measurements. The present time-averaged turbulence data is dis-

played dimensionally in meters/second. In the Figures 3.19 to 3.23 the colour scale is

the same for all x/d. locations to enable direct comparison of the turbulence components.

The Axial Turbulence Intensity:

The contours of the axial turbulence intensity in Figure 3.19 identify the edges of the
phase-averaged jet. The maximum intensity values (red) of up to 500% are located
tangentially in front of the jet and on both sides (from the centre of the jet radially
inward and outward). This forms a crescent which appears elliptical because of the
45° angle between the direction of propagation of the jet and the direction of views.
This is consistent with a ‘focus’ of a vortex puff structure passing through the plane
of measurements, which will be described in Section 4. A ‘ring focus’, coinciding with

the high shear region of the phase-averaged jet, concentrates high turbulence intensity

(Section 1.2.2) as shown by Liepmann and Gharib (1990) and Maxworthy (1970). The
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high velocity core of the jet displays only lower turbulence levels (dark green) of 100% to
200% as does the ‘lee’ side of the jet. With increasing axial distance the regions remain
similar in shape and similar in the levels of the turbulence. The ring focus grows in
size as the jet grows and entrains fluid. It remains in almost the same angular position,
confirming the straight, undeflected trajectory of the low Strouhal number jet. Two
regions of very low turbulence intensity develop, one between the centre of rotation and
the jet, and the other on the outer edge of the jet. These zones are deduced to coincide
with the ‘boundary’ of the vortex structure, where in fact reverse flow was measured

(Section 3.3.2).

The time-averaged axial turbulence intensity is presented in Figure 3.20. Clear
peaks of the turbulence level can be identified which coincide with the centre of the
precessing jet (note the turbulence is plotted in absolute units). As the jet grows with
axial distance the peaks become lower and wider. Close to the exit of the jet, x/d. =2
and 4 the turbulence reaches values up to 10m/s, which is comparable to the bulk mean
exit velocity of 40m/s. At the furthest planes of measurements, x/de = 10 and 12, the

peak turbulence has decreased to about 4m/s which is less than half the initial values.
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The Radial Turbulence Intensity:

In Figure 3.21 the phase-averaged radial turbulence component is displayed. The ellip-
tic cross section through the round jet is visible. The high turbulent regions (red) of up
to 500% are located mainly on the outer edge of the precessing jet, with small regions
in the front and ‘lee’ side of the jet. This could be interpreted as a ‘ring focus’ of the
vortex structure passing through the plane of measurements, which will be described
in Section 4. But the structure is distorted or destroyed earlier than in the axial tur-
bulence component. As with the axial components the high velocity centre of the jet
has turbulence levels of about 100% (dark green). As the jet is convected downstream
the green region, roughly coinciding with the inflow and recirculation region (Fig.3.16),

grows with the jet. The outer edge of the jet continues to have a high turbulence level

of 400% to 500%.

The time—averaged radial component of turbulence, shown in Figure 3.22 is almost
identical with the axial component. This is consistent with the findings of the flow vi-
sualisation (Section 3.2.1) that low Strouhal number PJ flows are only slightly deflected
from their original trajectory, in this case a, = 45°. The turbulence levels peak at about
8-10m/s at x/d.=2 and decrease to levels of about 2-4m/s at x/d.=12. As with the
axial components, the peaks of the radial turbulence intensity profiles correspond with

the location of the maximum phase—averaged velocity.
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The Tangential Turbulence Intensity:

Since the precessing jet does not inherit an intial tangential velocity component, the
component of the phase-averaged tangential turbulence intensity does not show the
distinctive jet contour. The region shown in red in Fig.3.23 represents a turbulence
intensity of 400%-500% and corresponds to the high shear region in the jet (at x/de=4
and 6 on its front and ‘lee’ side). However, regions of low turbulence (dark blue) in
Fig.3.23 dominate the turbulence field. These areas correspond to the inner edge (re-

circulation region) and the outer edge of the jet, where reverse flow was also measured

(Fig.3.16).

In the time-averaged tangential component of the turbulence intensity, I'igure 3.24,
the peaks also correspond to the centre of the precessing jet, as found for the other
components. The levels of turbulence are generally lower than those found in the axial
and radial components. At x/d.=2 the level is about 5m/s. This value decreases to

3m/s at x/d.=6 and to about 2.5m/s at x/d.=12.
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3.2.5 The Reynolds stresses

Reynolds stresses are related to transfer of energy from the mean flow to provide energy
for the turbulent fluctuations (Tritton 1988). This transfer increases the turbulence
level and hence the entrainment (Bremhorst and Hollis, 1990). The phase-averaged
Reynolds stresses measured by LDA in a low Strouhal number jet are presented in the
Figures 3.25 to 3.27. The turbulent stresses are defined as the mean value of the product
of two fluctuating velocity components. The results of the measurements are shown in
non—dimensionalised form, which is achieved by dividing the combined mean value by
the product of the individual phase-averaged values of the velocity components. The
colour scale of the phase—averaged Reynolds stress contours, shown in Figures 3.25 to
3.27, is unchanged for the six axial planes of measurements. It is important to note that
the change of colour in the background of the plots resulted from unavoidable software

adjustments and should not be confused with the changes in the flow field.

The %E;‘i Reynolds stress combines the fluctuating parts of the two major velocity
components. The elliptical cross section through the round jet can therefore be seen in
the normalised Reynolds stress contours (Fig.3.25). The dark blue region, corresponding
to the high velocity core of the jet, has very low normalised stress levels in the range of
0 to 0.25 at x/de=2. The magnitude of the relative stresses in the core of the phase-
averaged jet increases with axial distance to the range 0.5-0.75 at x/de=6. In the high
shear regions of the jet around the core, the stress levels are between 0.25 and 0.5 at
x/d.=2 and remain high (up to 0.75 at x/d.=10). The red region in Figure 3.25, which
represents the highest normalised Reynolds stresses, exceeding unity, is concentrated
between the jet and the spinning axis and coincides with the recirculating fluid identi-

fied in Figs.3.13 and 3.14. The stress levels in the core of the PJ, in the range of 0-0.25,
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are in the same order of magnitude as the stresses in the core of a simple turbulent
jet (Wygnanski and Fiedler, 1969). The recirculation zone and the outer edge of the
precessing jet (red regions in Fig.3.25) show higher stress levels than in the main body
of the jet which indicates that the recirculation region plays a key role in the enhanced
entrainment measured in the PJ flows (Nathan, 1988). This effect will be shown to be

even more marked in the high Strouhal number flow (Section 3.3.5).

The normalised component %E% of the Reynolds stresses is shown in Figure 3.26.
The centre of the jet at x/d.=2 corresponds with values of stresses between 0 and 0.2.
In the regions of high velocity gradient around the jet centre the values rise to 0.75. At
x/d.=4 the normalised stresses in the core of the jet increase to 0.5 and are encircled by
higher values of 0.75. Two red regions develop on the sides of the jet, i.e. between and
distal from the spinning axis and the jet. These regions are believed to be associated
with the ‘ring focus’ of a vortex puff or ring (Section 1.2.2 and Section 4) where very
high normalised Reynolds stresses exceeding unity occur. This feature is also evident at
x/de=6. The centre of the jet 1s not detectable beyond x/d.=6, but the red regions of

the ring focus remain.

The combination of the radial and the tangential fluctuating components is shown in
Figure 3.27. Initially, at x/d.=2, the jet is identifiable by the dark blue region indicating
stresses of up to 0.3. This region is again encircled by the green values of about 0.3-0.6.
At x/d.=4 the centre of the jet has already ‘disappeared’ into the background level of
the surrounding fluid. Only small green regions identify the inside and outside edges of
the jet. At locations further downstream the stress field of the whole region affected by

the jet is seen to have high ,‘l{% values of 0.75 to 1.
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3.2.6 The Skewness and Flatness

In homogeneous turbulence the velocity fluctuations have a Gaussian distribution. In
shear flows, such as jets, the velocity distribution becomes skewed (third moment) and
distorted (fourth moment), especially at the edges of a jet where the shear stresses are
high. The skewness distribution gives insight into the turbulent transfer of energy from
regions of high turbulence intensity to regions with lower turbulence intensity and about
the degree of symmetry of the distribution of velocity data around its mean. A nega-
tive skewness implies a velocity distribution which leans towards the low velocity side
relative to a Gaussian curve, whereas a positive skewness means that the high velocity

end is favoured.

The flow near the edge of a turbulent jet is intermittent, meaning that the flow
changes between slow (irrotational) fluctuations of low intensity and rapid (rotational)
fluctuations of high turbulence intensity. The flatness, or kurtosis, is a measure of the
changes in fluctuations in the flow field and describes the degree of peakedness or flat-
ness of the velocity distribution relative to a Gaussian curve. For flatness greater than
three, the distribution around the mean velocity forms a distinct peak , whereas for
values between zero and three it forms a flat plateau. For a flatness value of three the

velocity distribution is Gaussian.

The third moment, skewness, is calculated by the equation

1 u —al®
Skewness = ﬁz [ Ja ] : (3.2)

=1
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For the fourth moment, flatness, the defining equation is

. d
Flatness = %Z [%] ’ (3.3)

=1

In Equations 3.2 and 3.3 N is the number of samples for each data point in the time-
averaged domain. To ensure good statistical reliability for these higher order moments
N is greater than 40,000 (Section 2.4.3). The velocity u; represents one measurement
in the data array for a given velocity component, T is the time-averaged mean velocity

and o is the standard deviation of the velocity distribution.

The time-averaged skewness and the flatness factors of each of the three velocity
components are presented in Figures 3.28 to 3.33. The skewness and the flatness of the
axial component are shown in Figs.3.28 and 3.29. In the high velocity region of the jet
the skewness is high and exceeds a value of two at the axial locations from x/de=2 to
x/de=12. This is comparable with the values found in a simple turbulent jet (Wygnan-
ski and Fiedler, 1969). In the high shear regions between the jet and the spinning axis,
the skewness reaches its peak postive value of six, indicating a high rate of transport
of turbulent energy from the high velocity region of the jet into the recirculation region
between the jet and the spinning axis. On the outer side of the jet, the values reach
their minimum with negative values of about minus two.

Similar behaviour is observed in the flatness distribution of the axial velocity compo-
nent (Fig.3.29). Constant values of three in the high velocity region of the jet indicate a
Gaussian distribution and hence intermittency is not a dominant factor in the flow field.
The peaks on either side of the high velocity region of the jet, in the high shear region

where intermittency is high, reach flatness values of up to 60 at x/d.=8 and x/d.=12.
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Figures 3.30 and 3.31 show the higher order radial moments. It was expected that
the radial skewness and flatness would be similar to the axial higher order moments,
since in the low Strouhal number regime the jet is not significantly deflected from its
45° exit angle. However the data do not demonstrate this similarity. It appears that the
precession, even in the low Strouhal number regime, has an effect on the higher order
moments. In the high shear regions on either side of the high velocity region of the jet,

non-QGaussian values of the skewness and flatness are measured.

The time-averaged tangential skewness and flatness are presented in Figures 3.32
and 3.33. In the region occupied by the precessing jet itself the values of the skewness
seem generally positive (notably at x/d.=2 and 4). In the high regions of the jet the
skewness drops to values of between -2 and -4. Further downstream the skewness values
are mainly negative within the range between -3 and 0. The flatness of the tangential
" “velocity component is hard to categorise. High values are achieved initially on the outer
edge of the jet (x/de=2, 4 and 6) and the profiles of the flatness decay to the Gaussian

value of 3. Occasional peaks are detected on the inner side of the jet (x/de=10 and 12).
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3.3 The high Strouhal Number Jet

In this section the precessing jet is rotated at 59.12Hz, corresponding to a Strouhal
aumber of 0.015 which falls within the ‘high Strouhal number’ regime. The Reynolds
number of 26,600 and other experimental conditions are identical to those used in the
experiments for the low Strouhal number regime discussed in the previous section, which

enables a direct comparison of the results.

The same flow visualisation techniques as were used in the low Strouhal number
investigation have been applied for general observation here. The same LDA system is

used to obtain phase-averaged and time—averaged data (Section 2.4.3).

3.3.1 The Overall Flow Field

A comparison of Figure 3.34 and Figure 3.11 shows that the low and the high Strouhal
number flows are dramatically different. In the high Strouhal number flow the jet is
highly deflected in both the radial and tangential directions and a distinct recirculation
of fluid is evident. The pressure gradients associated with this change of character (see
Section 4) increase with increasing Strouhal number. The jet is deflected towards the
spinning axis and the tangential path is now more tightly curved than the Archimedian

spiral described at low Strouhal numbers.

To visualise the turbulent motion in the high Strouhal number jet the same laser sheet

flow visualisation as was used for Figure 3.12. The same seeding with glass beads and
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Figure 3.34: Two consecutive cycles of precession in the high Strouhal number jet (here
Stp=0.015). The beginning of each cycle is marked by a smoke pulse. Re=26,600.

the same laser sheet illumination (Section 2.3.2) have been used to obtain Figure 3.35
except that now the image is exposed by five rather than the one laser pulse used for
Figure 3.12. In Figure 3.35, the jet exits from the bottom centre of the image and
moves upwards toward the left. The five laser pulses in this semi-quantitative PIV type
picture are clearly evident in the high velocity region close to the jet exit. Downstream
from the exit region a vortical structure develops, which is described in Figure 4.17 in
Section 4.4. The jet is inclined towards the axis of rotation, recirculation is evident and
the magnitude of the velocity is decreased everywhere except very close to the nozzle.
A second large vortical structure, again similar to the one described in Figure 4.17, is
apparent on the right side of the picture. In the centre of that second structure the

magnitude of the velocity appears to be comparable to the exit velocity.
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/de <12 through the r—x plane in the high
(multiple exposure). Stp=0.015, Re=26,600.

Figure 3.35: Vertical laser sheet from 0< x
Strouhal number jet marked with glass beads

121



3.3.2 The Axial Velocity Component

Contours of the phase-averaged axial velocity in the precessing jet flow, measured with
the LDA system, are shown in Figures 3.36 and 3.37. The colour scale of the contours
is adjusted individually for each cross—section in the figure to show the highest velocity
in red and the lowest in blue. Thus colours should not be used to compare the different
cross—sections. Instanteneous images of the jet, marked by particles and illuminated by
a laser sheet in the r—® plane, at the corresponding axial distances are again presented

to assist interpretation, as for the low Strouhal number case (Figs.3.13 and 3.14).

Close to the exit, at x/d.=2, the i, component of the jet has roughly an elliptically
shaped core region (Figure 3.36), as may be anticipated given the 45° angle of the exit-
ing jet relative to the measurement plane. This is evident both in the flow visualisation
and the velocity data. However, some distortion of the ellipse is evident at this position,
and an axial upward flow along the ‘leeward’ side of the jet can also be observed. Two
distinct regions of reversed flow exist, one between the jet and the spinning axis, and

the other on the outer edge of the jet.

The end of the potential core of the phase—averaged precessing jet flow, where the
maximum velocity in the precessing jet is less than the exit velocity of ue=39m/s, oc-
curs at approximately x/de ~1.8. This was determined by extrapolation of a polynomial
curve fit through the axial velocity components measured at each plane of the axial se-

quence.
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The flows at x/d.=4 and x/d.=6, are qualitatively similar to each other. The phase-
averaged reverse flow zone between the jet and its spinning axis (central recirculation)
is present at both axial positions. The maximum recorded negative axial velocity is
~3.5m/s which is about 25% of the local maximum velocity. This occurs in the central
recirculation region at x/d.=4. Also the phase-averaged reverse flow, located radially
outward from the precessing jet is apparent at both positions. The deformation of the
jet increases with the downstream distance, so that the jet is highly skewed at x/d.=4.

By x/d.=6 the ‘wake’ or ‘tail’ extends around most of the circumference.

In the contours from x/d.=8 to 12 reversed flow regions are no longer present. The
phase-averaged flow field is almost axisymmetric and there is no structure in the flow

at the frequency of precession.

In Fig.3.38 the time-averaged velocity components are shown. At x/d.=2 the cen-
tral recirculation zone is also evident in the time-averaged flow. The reverse flow is
strongest in the region 4 < x/d. < 6 and its diametral extent is approximately twice the
nozzle exit diameter. The jet and the recirculation zone both precess. It is interesting
to note that the velocity contours become more uniform with increasing axial distance,
but that the radial extent of the flow does not increase significantly between x/de=38 to

x/de=12.
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126



3.3.3 The Radial and Tangential Velocity Components

Fig.3.39 shows the phase-averaged radial and phase-averaged tangential velocities com-
bined in vector plots. Unlike the plots of the axial velocity, the colour scales are consis-
tent and the figures may be compared directly. However, the lengths of the vectors are

scaled individually for each plot to show the flow patterns clearly.

At x/d.=2 a significant positive radial velocity component exists, resulting from the
radial component associated with the 45° exit angle of the jet. However, beyond x/d.=4
the positive radial component in the jet region has decayed to insignificant, indicating
strong deflection of the jet toward the spinning axis. This is consistent with a low pres-
sure region which has been found between the jet and the spinning axis, Section 4.4,

and in an earlier investigation (Schneider et al. 1993).

The axial velocity contours and the vector plots presented in this section support
the subdivision of the flow field of the high Strouhal number jet into three regions (see
Section 4.1). The first subdivision is the potential core which ends at x/d. = 1.8, just
upstream from the first plane of measurements at x/de = 2. In this region the axial
and radial component are almost identical since the jet exits at 45°. The second region
is where the phase-averaged reverse flow occurs in the axial component (x/d. < 6 for
the present conditions). In the radial and tangential component a ‘bifurcation’ is visible
tangentially in front of the jet. This consists of strong inflow just ahead (tangentially)

of the jet and probably contains both jet and ambient fluid. Also, in the second region
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a strong inflow towards the low pressure region near to the center of rotation can be
seen. On the outer side of the jet only small positive radial components are found and

there is a small inflow into the ‘wake’ of the jet.

The third region in the phase-averaged jet starts from x/d. > 8. The radial and
tangential velocities are small compared with the axial component. A small swirling
component does exist in the direction of the precession. In the outer region of the jet

both the radial and tangential velocity components are very small.

Fig.3.40 shows the time-averaged radial velocity component. For 8 < x/de < 12
the positive radial velocity is very small. Closer to the axis of rotation the negative
radial components indicate a net inflow — apparently into the recirculation zone. The
tangential velocity component (Fig.3.41) is only significant in the initial region of the
jet (at x/d.=2, where the nozzle shape itself could be causing a small tangential com-
ponent.However, after six nozzle diameters the tangential component is negligible ev-

erywhere.
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3.3.4 The Turbulence Intensities

The phase-averaged colour contours of the three turbulence intensity components are
presented in Figures 3.42 to 3.46. The turbulence levels and their distributions in the
high Strouhal number flow are very different from those at the same Reynolds number
in the low Strouhal number flow (Figs.3.19 to 3.23). The peak phase-averaged mag-
nitude of the turbulence components relative to the local phase-averaged mean of the
component velocity do not vary greatly with downstream distance x/de, but the distri-
butions of the intensities do change substantially with downstream distance. The colour
scales have been adjusted to show the full dynamic range of each data set and care must

therefore be taken when comparing the plots.

The Axial Turbulence Intensity:

The axial turbulence intensity (Fig.3.42) is marked by high negative values of -300 to
-400% (green and blue) in regions where recirculating fluid is detected (see Fig.3.36 and
3.37). Between the jet and its spinning axis and on the outer edge of the jet the high
negative turbulence levels are maintained up to x/d.=6. The front of the jet and the
‘lee’ side show positive levels of 200% to 500% (red). This region coincides with the re-
gion of maximum deflection of the jet (Sec. 4.1). Beyond x/d.=6, where the flow seems
to become axisymmetric, the turbulence intensities are all postive and the structural

information in the phase-averaged flow has almost disappeared.
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The time-averaged axial turbulence component (Fig.3.43) displays peaks in the re-
gion of maximum deflection in the precessing jet flow. These could be associated with
either positive or negative streamwise velocity components. Turbulence values at x/d.=2
peak at 8m/s. At x/d.=4 the values have decreased to 6m/s and at x/d.=6 are down
to 4m/s. Beyond x/d.=6 the turbulence levels decay from 2m/s at x/d.=8 to lm/s at
x/de=12. The peak levels of the time-averaged axial turbulence are generally about
2m/s lower than those in the low Strouhal number flow. But the recirculation region
maintains a high level of turbulence (2m/s), whereas the low Strouhal number flow in

this region displayed only very low levels (< 0.2m/s).

The Radial Turbulence Intensity:

Figure 3.44 presents the phase—averaged radial turbulence intensity contours. The inten-
sity levels in the jet reach values of between 300 and 500%. In the ‘lee’ side of the jet a
blue region develops which respresents negative levels of up to -200%. As the jet reaches
the end of the region of maximum deflection at x/d.=6, it is ‘bent’ towards the spinning
axis and the radial velocity component becomes very small (Section 3.3.3). Also the
turbulence levels decrease to between 200 and 300% at x/d.=8 and 100% at x/d.=12.

The dark blue region of negative values of up to -200% is present until x/de=12.

The time—-averaged turbulence of the radial component is displayed in Fig.3.45. At
x/de=2, 4 and 6 the peak values of 1/u/? progressively decrease from 7m/s at x/d.=2
to less than 4m/s at x/d.=6. These values correspond to the high shear region on both

sides (radially inwards and outwards) of the time-averaged jet. In fact a double peak
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can be seen in the profiles, where the high velocity core of the jet corresponds with the
‘valley’ between the peaks. Further downstream at x/d.=8, 10 and 12 the double peaks

disappear and the turbulence level decays rapidly.

The Tangential Turbulence Intensity:

The data of phase-averaged tangential turbulence intensity shows considerable scatter
(Fig.3.46). This is due to the low magnitudes of the tangential velocity component on
which the RMS is normalised and it is also due to poorer resolution in the low velocity
regions. However, the green regions at x/d.=2, 4 and 6 identify turbulent structures
which are located tangentially in front of the phase-averaged jet and in the recircu-
lation zone on the axis of rotation. As the phase-averaged jet structure changes to a
circular structure, for x/d. >6, the green region in the tangential turbulence intensity
disappears. The red circular region where turbulence levels exceed 200% suggests that

the phase—averaged jet flow becomes axisymmetric.

The time-averaged tangential turbulence intensities in Fig.3.46 only show high val-

ues at x/d.=2, 4 and 6. The peak values of 6m/s decay rapidly to 2m/s at x/d.=8.

Downstream from x/d. = 8 the tangential turbulence becomes insignificant.
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3.3.5 Reynolds stresses

As described in Section 3.2.5, the high levels of Reynolds shear stresses are a measure of
transfer of energy into the turbulent fluctuations and hence have an important bearing
on the entrainment characteristics of the precessing jet. The phase—averaged Reynolds
shear stresses are presented in Figures 3.48 to 3.50. The same definition of the Reynolds
stresses and the same normalisation are used as in the low Strouhal number flow (Sec-
tion 3.2.5), so that direct comparison of the two cases is possible. The colour scale
of the phase—averaged Reynolds stress contours is different for each of the three stress

components, since the dynamic range of the data is high.

Uy Uy
~EL
Ux "Ur

The normalised phase-averaged Reynolds stress is shown in Figure 3.48. The
high fluctuations in the data are due to high turbulence levels in the high Strouhal
number flow. The jet structure can be identified by the red region which corresponds to
Reynolds stress levels in excess of 100%. In the recirculation region similar (red) stress
levels are measured. The details and contours of the stresses can only be identified up
to x/d.=6. Further downstream the phase-averaged Reynolds stress field appears to

become axisymmetric in contrast to the low Strouhal number case, where the jet retains

its identity and the stresses are very much smaller (Fig.3.25).
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As mentioned earlier, Bremhorst and Hollis (1990) related Reynolds stresses to the
entrainment capacity of the jet. The increased stress levels in the high velocity region
of the jet and in the recirculation zone are an order of magnitude higher than those in
a simple turbulent jet (see e.g. Wygnanski and Fiedler, 1969). This finding also corre-

sponds with the measurements of Schneider et al. (1996).

The remaining two Reynolds stress components, %‘E—‘% g% do not show any jet
structure in the phase—averaged data (Fig.3.49 and Fig.3.50), again in contrast to the
low Strouhal number case (Figs.3.26 and 3.27). The scatter of the data is high due to
the normalisation of the data by the low phase—averaged values of the velocity compo-
nents and to the high turbulence levels of the flow field. While this obscures detailed

information about the Reynolds shear stresses, it does indicate a very high degree of

mixing in the field.
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3.3.6 Skewness and Flatness

The time—averaged skewness and flatness in each of the three velocity components is
presented in Figure 3.51 to 3.56. Equation 3.2 in Section 3.2.6 is used to obtain the
third order moment (skewness) and Equation 3.3 is used to calculate the fourth order
moment (flatness or kurtosis). The skewness is related to the convection of turbulent
energy, hence it is generally non-Gaussian in the high shear regions of the jet. Compared
with a Gaussian distribution for which skewness is zero, a negative third order moment
represents a velocity distribution skewed towards the lower velocity region, whereas a
positive value of the skewness means the distribution leans towards higher velocities.
The fourth order moment is related to the intermittency in the flow, which ranges from
one extreme of low fluctuations with low intensity to the other extreme of high fluctua-
tions of high intensity. The flatness for a Gaussian distribution is 3. Flatness values of
greater than 3 imply a concentration of fluctuations around the mean velocity, whereas
for values less than 3 the velocity distribution is more uniform, forming a flat plateau

around the mean value.

The skewness of the axial component in the high Strouhal number jet displays sig-
nificant deviation from the Gaussian distribution only close to the jet exit. At x/d.=2
and 4 the values in the high velocity regions of the jet are between one and three. On
the outer edge in the high shear region of the time-averaged jet, at x/d.=2 the distribu-
tion is negatively skewed. Beyond x/de=4 the distribution is reasonably Gaussian with

skewness values ranging between 0 and 1.
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The flatness distribution of the axial component near the edges of the time—averaged
jet at x/d.=2 show high values of flatness (between 20 and 40), indicating high intermit-
tency of the jet flow. In the time—averaged jet region the fourth moment shows almost
Gaussian distribution. Beyond x/d.=6 the distribution in the axial velocity approaches

the Gaussian value of 3.

The skewness and flatness of the time-averaged radial component is displayed in
Figs.3.53 and 3.54. In the outer regions of the time-averaged jet significant scatter of
the skewness data is observed. However, in the inner regions, including the recirculation
zone between the precessing jet and the spinning axis, the distribution appears to be
almost Gaussian. The flatness shows similar behaviour. The values which are out of
range in Fig.3.54 are due to the poor resolution in very low velocities measured near the
outer edge of the jet, resulting in large uncertainty. In the jet and in the recirculation

zone the velocity distribution resembles a Gaussian curve.

The tangential skewness and flatness, shown in Figs.3.55 and 3.56, reveal that the
only significant deviation from the Gaussian distribution occurs at x/d.=2 and 4. Again,
the limited resolution in low velocity flows is probably the reason for the third and fourth
order moments at the outer edge of the time—averaged jet reaching a skewness of -5 and

a flatness which is out of range.
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3.4 Discussion

To enable a more complete evaluation of the Strouhal number dependency of the pre-
cessing jet two more Strouhal number cases have been studied. The detailed results of
the cases for St, = 0.0058 and St, = 0.0098 are obtained under the same conditions
as those in Section 3.2 and Section 3.3. The phase-averaged velocity components and
turbulent stresses are attached in the Appendices C and D. The additional data confirm
the trends shown in the data reported in the present Chapter and confirm that the
transition from the low Strouhal number jet to the high Strouhal number is progressive

and devoid of discontinuities.

One of the most important influences of precession on the flow of a jet is the deflec-
tion of its centreline. This deflection, summarised in Figure 3.57, shows the deflection of
the jet in the negative r-direction, and Figure 3.58 shows the deflection in the positive
®-direction. For comparison the path of a non-rotating simple turbulent jet issuing at

an angle of 45° is included in both Figures.

The deflection in r—direction clearly shows the increasing deviation of the ‘centreline’
of the phase—averaged jet from the 45° exit angle. As the Strouhal number increases
the low pressure region between the jet and its spinning axis increases (Section 4) and
the jet path is bent more and more inwards towards the spinning axis. At a Strouhal
number of 0.015 the jet becomes parallel to the spinning axis within the first eight nozzle
diameters. In the initial region, at x/d. = 2 all points lie on the 45° line, hence the

deflection at this point is zero in all cases.
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Figure 3.57: The influence of the jet precession on the deflection in the x—r plane of the
jet ‘centreline’. The plot shows the axial and radial location of the point of maximum
phase—averaged velocity as a function of the Strouhal number of precession.

The deflection, in the tangential direction, or the ‘backward’ deflection of the jet,
shows the same trend. The low Strouhal number jet hardly deviates from the straight
line trajectory of the simple turbulent jet. With increasing Strouhal number the curva-

ture of the path of the locus of maximum phase-averaged velocity increases dramatically.

Several methods of assessing the influence of precession on the decay rate of a jet are
possible. The method used here is to compare the maximum axial velocity in a non—
precessing jet aligned along the nozzle axis (ce=0) with the precessing jet (e = 45°)

assessed in this investigation. Presenting the data (Fig.3.59) in non-dimensional form,

Uy cl

~ o, compensates for the differences in exit angles.
x
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Figure 3.58: The influence of the jet precession on the deflection in the x—® plane of the
jet ‘centreline’. The plot shows the axial and tangential location of the point of maximum
phase—averaged velocity as a function of the Strouhal number of precession.

The decay rate of the centreline velocity of a non—precessing axial jet is expressed in
the empirical equation (3.1) suggested by Rajaratnam (1976), which he derived simply
from conservation of linear momentum and the observation that pressure is independant
of both x and r. An empirical constant was determined to provide the overall fit to the
various experimental investigations included in his data set. The equation can be written

Ux cl

in the form: 2= =6.3- (di — ;’;ﬂ)_l, where Ty o 1s the mean axial centreline velocity, x is
€ €

the axial distance from the nozzle exit and xo the distance from the virtual origin to the

nozzle exit. In the case of a turbulent jet issuing from the mechanical nozzle with a 0°

exit angle, xo/d. = —4 and the end of the potential core is at x/d.=2.3-2.5 respectively,

the equation for the turbulent jet becomes % =6.3- (3 +4)7'. Figure 3.59 compares

the decay of the axial component of the centreline velocity of the 45° precessing jet with

the above equation of the turbulent round jet.
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The decay in velocity of the centerline of the phase-averaged jet, where the centre is
defined as the location of the maximum phase-averaged velocity, is strongly dependent
on the Strouhal number. The low Strouhal number jet decays with the same rate as
a simple turbulent jet, but with increasing Strouhal number the decay is markedly

increased. Calculating the a linear correlation given by

Zi:(xi —%)(yi — )
R= \/Z;:(xi - f)2\/;(yi -y)’

between rate of decay of the axial jet centreline velocity, did’;'c—', and for the magnitude
of the reverse flow in the central recirculation region, a value of R= —0.71 is obtained.

This suggests that the jet is deccelerated, not only by the entrainment, but also by the
reverse flow zone, or the low pressure region (Section 4). Increased entrainment is also

observed when the spreading of the jet is investigated.
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To compare the spreading of the precessing jet with a simple turbulent jet, a body
fitted coordinate system is used for the PJ. The 2’ coordinate is defined as pointing
along the local jet centreline, i.e. the locus of the maximum phase-averaged velocity.
The ' and ® coordinates are orientated in the local radial and tangential directions,
respectively, which are each perpendicular to the local axial coordinate. The spreading
is defined by the ro s radius, where the velocity has decayed to half its phase-averaged

centreline value.

The spreading in the radial direction (1’ in the body-fitted coordinate system) in-
creases with the Strouhal number for all cases (Fig.3.60). The low Strouhal number
case has a typical spread of 10 — 11° for both the inside and ouside of the jet, that is
for the section of the jet nearest and furthest away from the spinning axis (see Notation
on page xxvi for explanation of ‘inside’, ‘outside, ‘front’ and ‘back’ of the jet). For the
highest Strouhal number case, angles of over 17° can be detected for both proximal and
distal edges of the jet. The spreading is not symmetrical. It seems that the inside of

the jet, negative r’, spreads less than the outer edge of the jet, positive r’.

The spreading in tangential direction @' (Fig.3.61) of the low Strouhal number jet
in the body-fitted coordinate system is approximately symmetrical, with a half angle
of 7.5° 4- 0.5. With increasing Strouhal number the spreading becomes highly asym-
metric. Tangentially in front of the jet the spread increases 8.5° (St, = 0.0058),
12°(St, = 0.0098), 20° (St, = 0.015), whereas tangentially behind the jet it goes from

12.5° 4 0.5 (Stp = 0.0058) to over 30° (St, = 0.0098) and higher (St, = 0.015).
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The magnitude of the reverse flow is also dependent on the Strouhal number. The
reverse flow region becomes stronger with increasing Strouhal number. Fig.3.62 shows
the maximum negative phase—averaged axial velocities dependent on the axial distance

from the nozzle exit.

The dependency of the turbulence characteristics of the precessing jet on the Strouhal
number is demonstrated using the time-averaged components. The maxima of the axial
and radial turbulence, skewness and flatness are compared for the different Strouhal
number cases (Figs.3.63 and 3.64) . In general the maximum turbulence, which is lo-
cated in the high shear edges of the jet, decreases with increasing Strouhal number of

precession. The structures in the jet flow are less dominated by shear, since the jet, as
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the momentum source which supports the shear, is turned away faster with increasing
Strouhal number,behind the structures. This reduced shear dominance is also reflected
in the skewness and flatness. The initial high values in the low Strouhal number jet
indicate high shear on the edges of the jet, similar to a simple turbulent jet. With
increasing Strouhal number, both the skewness and the flatness are decreasing toward
Gaussian values. It is tentatively suggested that the kinetic energy, which has to be con-
served, is more concentrated in large scale structures and is not carried by the strong
shear-induced turbulent fluctuations, and that the scale of the turbulent structures is
increases with the Strouhal number. This assumption is supported by Mi et al.(1996).
The effect of Strouhal number on the flow structures will be discussed in the next Sec-

tion in relation to the vortical structures in the precessing jet.
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Chapter 4

VORTEX STRUCTURES AND
MOTION IN A PRECESSING

JET FLOW

The importance of understanding the large scale vortical motions in jet flows has been
recognised in research spanning several decades (Crow and Champagne, 1971; Dimotakis
et al. 1983; Hussain 1983, 1984; Husain and Hussain, 1993; Hussain et al. 1993). The
precessing jet flow is described with reference to a postulate of the formation and evo-
lution of vortical structures which occur in the two different Strouhal number regimes.
The postulate presented here is supported by the flow visualisation and the LDA mea-

surements reported in Section 3.
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4.1 Characteristic Regions in a Precessing Jet

Studies by Abramovich (1963) and Rajaratnam (1976) have shown that a free turbulent
jet can be divided into three characteristic regions. Three regions can also be identified
in a precessing jet flow: a potential core region, in common with the simple jet, a pre-

cession dominated region, and a region in which no dominant frequency can be discerned.

4.1.1 Region I: the Potential Core Region

The first region in the precessing jet flow is the initial region or potential core region,
where the field can be described by the equation for potential flow. The jet leaves the
contraction inside the mechanical nozzle, which becomes parallel more than one nozzle
diameter upstream of the exit plane, with a top-hat velocity profile and a symmetrical,
circular cross-section (Section 3.1). The boundary layer around the circumference at
the exit is very thin and rapidly becomes distorted and folded into the Brown-Rosko
amalgamating vortices (Brown and Roshko, 1974) or some other rapidly growing core
instability which ‘eats up’ the core region, in which the phase-averaged velocity is uni-
form. Fxperiments have shown (Section 3) that the shape of the circular jet is not
deformed, from which it is deduced that the static pressure is equal to that in the
surroundings and that the length of the core in the present experiments is almost in-
dependent of the Strouhal number of precession. For the stationary jet with an exit
angle a, = 45°, the end of the potential core was found to be at x/d.=2.1, while for the
case with the nozzle rotating at the maximum frequency of 60 Hz the end was located
at x/de = 1.8, in the cylindrical coordinate system where the jet is angled in 45° to
the x—axis. No dependence of the length of the potential core on the Reynolds number

was observed within the range of conditions tested, (6,600 < Re < 26,600 in Section 5.2).
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4.1.2 Region II: the Precession Dominated Region

The second region of the PJ is downstream from the potential core (x/d. >2), cor-
responding to approximately 3 - d. measured in the direction of the jet, in which the
centreline velocity starts to decay. The characteristics of the jet flow (e.g. the shape of
the jet, the spiral path of the jet and its deflection) are highly dependent on the Strouhal

number of precession (Section 3).

For the low Strouhal number jets investigated here, St, = 0.002 and 0.0058, the
length of this second region is ‘infinite’. Frequency spectra in the jet show that the pre-
cessional frequency is dominant even in the far field of the jet (measured up to x/d. = 40,
Fig.4.12). The deflection of any elemental section of the jet is found to be small and

the jet path, projected in the r—® plane, follows an Archimedian spiral path (Fig.4.9).

By contrast, in the high Strouhal number regime, e.g. for St, = 0.0098 and 0.015
as investigated here, velocity and pressure gradients are steep, causing Region II to
be confined to the relatively short zone 2 < x/d. < 8. In particular, frequency spectra
show that motions at the precessional frequency cannot be detected beyond this region
(Fig.4.19). In this region the jet path is highly deflected from the Archimedian spiral

(Fig.4.16) and a recirculation region is established (Section 3.3.2).
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4.1.3 Region IIl: the Region of no Dominant Frequency

The third region is the region where no dominant frequency can be detected (Fig.4.19).
When phase-averaged at the frequency of precession the flow becomes axisymmetric and
no recirculation of fluid occurs (Section 3.3.2). The magnitudes of the time-averaged
and phase-averaged velocities are identical (Section 3.3). This region does not exist for
low Strouhal number flows (Section 3.2). It begins at x/d. > 8 for the high Strouhal

number case investigated in Section 3.3.

ARegion III ; Region of no
. Dominant

Frequency
A sy A ....................
Region IT: Region II :
ok Precession Precession
- = Dominated Region Dominated Region
o

Figure 4.1: Characteristic flow regions which have been identified in the phase—averaged
domain for: a) the low Strouhal number jet; b) the high Strouhal number jet
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4.2 An Overview of the Behaviour of Precessing

Jet Flows

4.2.1 The Formation of Vortical Structures in the Potential
Core Region

Vortical structures are generated within the shear flow at the edge of the potential core in
Region I of a precessing jet flow. Crow and Champagne (1971) describe flow structures
in a conventional turbulent jet, initiated in the boundary layer which is formed on the
inside of the nozzle walls upstream from the nozzle exit. Downstream from the nozzle
exit the shear layer is unstable and develops instability waves via the Kelvin—Helmoltz
mechanism (Liepmann and Gharib,1992). These waves grow in the shear layer and roll
into primary vortical structures. In a round jet, pairing and amalgamation of these
ring vortices takes place and causes contraction and expansion of the azimuthal primary
vortex ring structures (e.g. Paschereit et al. 1992). During the expansion process the jet
core also develops azimuthal instabilities, analogous to the transverse Bernal-Roshko
structures in planar shear layers (Bernal 1981, Bernal and Roshko, 1986), which grow in
the highly strained region between two primary vortex rings. The secondary streamwise
vortex structures interact with the primary azimuthal vortices (Liepmann and Gharib,
1992). The development of the two types of vortical structures may derive from dynamic
instabilities in the potential core region of the jet (e.g. Hussain et al. 1993). With the
potential core of the precessing jet being similar to that of a simple turbulent jet (as
described in Section 4.1.1), a similar flow field and similar instabilities leading to the

formation of comparable structures can be expected.
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Near to the end of the potential core of a simple turbulent jet the formation of pri-
mary structures occurs at a characteristic frequency or mode which has been called the
preferred mode (Hussain and Zaman, 1981; Crow and Champagne, 1971). The charac-
teristic Strouhal number St. = f. - de/u. is based on the characteristic frequency with
which the structures are formed f., the exit velocity ue and the exit diameter de. This

Strouhal number is sensitive to the facility used (Hussain, 1986), but is in the range

0.2 < St. < 0.85. Crow and Champagne (1971) found it to be St.=0.3.

Figure 4.2: Evidence of Kelvin-Helmholtz instabilities in the potential core region of the
precessing jet flow
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Figure 4.2 shows the core region of the precessing jet, visualised by the laser-induced
fluorescence (LIF) technique, in a water tank facility. The precessing jet fluid is marked
with fluorescein and is illuminated with a laser light sheet in the x-r plane (Section 2.3.3).
Structures resembling those in a turbulent jet are observed. An estimate of the Strouhal
number of the (Kelvin—Helmholtz) vortex rings is obtained by counting the ring-type
vortical structures within the potential core region. The Strouhal number so obtained is

0.5 < St. < 1, which is in the range expected for a simple turbulent jet (Hussain, 1986).

Downstream from the potential core the centreline velocity of a jet starts to decay.
Thus the velocity difference between the jet and the ‘still’ surroundings decreases, and
so the magnitude of the shear that supports the primary azimuthal structures also de-
creases with distance. The jet breaks down into a train of vortex puffs which propagate

downstream and grow in size as they entrain fluid (Crow and Champagne, 1971).

4.2.2 The Model of an Archimedian Spiral

The trajectory of a jet issuing in the r—® plane from an origin on the x—axis, which
is also the axis of rotation, follows a trajectory which has the form of an Archimedian
spiral. In the case of the precessing jet which is inclined by 45° to the r-® plane, a
third coordinate along the axis of rotation is needed to describe the three-dimensional
spiral trajectory. The movement of the jet fluid in the axial direction is defined by the
the axial velocity component of the jet and is presented as the axial velocity decay in

Figure 3.59 in Section 3.4. A projection of the precessing jet flow on to the r—® plane is
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used here to provide a model of the evolution of the vortical structures described in the
previous section. The projected component of the convection velocity of the structures

can, at least initially, be expected to follow the Archimedian spiral.

The two—dimensional equation used to describe an Archimedian spiral in polar co-
ordinates is
uer

= ® (4.1)

where r is the radius, ® the angular position, ue, the exit velocity component in radial
direction and f, the frequency of precession. To adapt the equation of a simple Archi-
median spiral to give a better representation of the path described by a jet rotating
about the x—axis but directed in the r—® plane, the jet velocity is modified to account
for velocity decay. This modification is based on the axial velocity decay of a simple
turbulent jet in the region downstream from the potential core, i.e. for x/d. > 1.9. The
path of the local precessing jet is here defined as the locus of the point of the maximum
velocity in the phase-averaged flow. The jet velocity in the region x/d. > 1.9 then

becomes

u 1
I T —
Ure 3 x/de + 4.4

as derived from Rajaratnam (1976) for a simple turbulent jet.

A characteristic of the Archimedian spiral is that the curvature, 1/R, expressed as

1 2rf B2 42
R~ & (®+1)3? (43)
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(Bronstein and Semendjajew, 1981), is high in the initial part of the spiral and
decreases asymptotically to zero. Figure 4.3 shows the differences in the curvature
of an Archimedian spiral as a function of the angular coordinate ®, for each of the
Strouhal number flows investigated in this thesis. The trajectory of the jet, described
by a projected Archimedian spiral; relative to the scale of the vortical structures in a
jet, is postulated to be significant in increasing the asymmetry in the vortical structures
formed in the core of the jet as the Strouhal number of precession is increased. Increased

asymmetry in the phase—averaged flow results in a departure of the trajectory from the

path described by a projected Archimedian spiral, as described in the following sections.
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4.3 Structures in the Low Strouhal Number Regime

In the limit of zero Strouhal number, St, = 0, the mechanical nozzle used in this inves-
tigation produces a simple turbulent jet (Section 3.1). When rotating the jet at a ‘low’
frequency of 8.05Hz, St, = 0.002 (Section 3.2), and at 23.3Hz, St, = 0.0058 (Appendix
B), the structures produced in the potential core region (Section 4.2) group in a slightly
asymmetric fashion when compared with a simple jet. As a measure of the asymmetry,
the angle between the trajectory of two consecutive vortical structures at the end of the
potential core can be calculated. A value of the characteristic Strouhal number for the
formation of these vortical structures is selected to be 0.5 (Section 4.1.1 and Fig.4.2). If
a typical exit velocity of 40m/s and the exit diameter of 10mm is used, the calculated
angle between successive structures for the two frequency cases of 8.05Hz and 23.3Hz
becomes 1.5° and 4.2° respectively. In this case the vortical puffs, or structures, line up
directly behind each other so that the asymmetry in the flow is expected to be small
(Fig.4.4). The experimental results confirm that there is a close similarity to a simple

turbulent jet.

4.3.1 Asymmetry in the Evolution of the Vortical Structures

Figure 4.4 illustrates the evolution of vortical structures in the r—® plane for the low
Strouhal number case. The locus of the points of maximum velocity in the phase-
averaged precessing jet flow (i.e. the local jet centreline) is obtained from the experi-

mental data presented in Section 3.2 for the flow conditions ue = 40m/s, d. = 10mm,
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Figure 4.4: Evolution of vortices in the low Strouhal number flow projected in the r-P
plane (simplified sketch ignoring vortex pairing and growth)

ae = 45°. The curvature 1/R of an Archimedian spiral varies proportionally with the
rotational frequency. Thus with a ‘low’ precessional frequency the curvature is small
and the structures (Fig.4.3) line up almost as in a straight, simple turbulent jet. This

leads to a small asymmetry only across the local centreline of the phase—averaged jet.

The asymmetry across the locus of the points of maximum phase-averaged velocity
(i.e. the local jet centreline), may be explained in terms of two characteristics of a vortex
puff structure. An isolated vortex puff consists of a toroidial core (ring focus) where the
pressure is low and high vorticity is concentrated. Reverse flow can be detected on the

outside of this ring-like core (see Section 1.2.2 and Fig.1.5).
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To illustrate the point, consider a pearl necklace. Each pearl represents a vortex
puff in a curved jet flow. With low curvature of the necklace, the pearls line up almost
directly behind each other. With increasing curvature of the chain, the pearls start to
touch on the inside of the curve while they are spread further apart on the outside.
In the analogous flow structures, a concentration of low pressure and reverse flow on
the inside of the centreline occurs, associated with attenuation of the reverse flow on
the outside. That pressure gradient across the local centreline of the phase-averaged
jet induces it to slow its rate of divergence from the axis of rotation and eventually, in

the low Strouhal number regime in ‘infinity’, it approaches a helical path about the axis.

4.3.2 The Pressure Distribution

Temporally and spatially resolved pressure measurements have been conducted using the
Cobra probe to quantify the pressure distribution in the PJ flow for the low Strouhal
number flow case. The results of the pressure measurements using the Cobra probe
technique (Section 2.4.2) are conducted with well defined boundary conditions on the
flow. The phase-averaged pressure contours for the low Strouhal number case of St, =
0.004 are presented in Figures 4.5 to 4.7 and the time-averaged pressure in Figure 4.8.
In the phase-averaged pressure plots, the blue colour corresponds to a static pressure of
-50Pa, whereas the green, yellow and red colour represent the progressively decreasing
pressures to -80Pa. To show the relative position of the local jet, a velocity contour
showing the region where iy > 0.5 - tix,q, obtained by hot-wire anemometry, 1s also
shown in the phase-averaged contour plots for the positions x/de=7 and 10 (Schneider

et al. 1993; Schneider et al. 1994).
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Figure 4.5: The phase—averaged pressure field ps—patmos <-50Pa at x/de=3. St;=0.004,
Re—=30,000. Colour scale: blue(-50Pa) < green < yellow < red(-80Pa)

The phase-averaged contour at x/de=3 (Fig.4.5) shows the jet just beyond the end
of the potential core, which for these conditions ends at x/d.=2.1. The pressure field
is displayed for values of ps — Patmos < —50Pa. The shape of the initially round jet is
hardly deformed from the elliptical cross section associated with the circular jet exiting
at o = 45° being viewed from the axial direction. A very small asymmetry in the radial
direction can be detected, which is compatible with the presence of a weak low pressure
region (blue) between the local jet (red, yellow and green) and its spinning axis. At this
axial station the values of the low pressure in the core of the jet are between -30Pa and
70Pa, comparable with those in a simple turbulent jet (Vidakovic 1995).
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Figure 4.6: The phase—averaged pressure field ps—patmos <-30Pa at x/de=T (velocity
contour overlayed). St,=0.004, Re=30,000. Colour scale: blue(-50Pa) < green < yellow
< red(-80Pa)

Figures 4.6 and 4.7 show the phase-averaged velocity contour overlayed on the rele-
vant pressure field at x/d.=7 and x/d.=10. Again the contour of the pressure is shown
for values ps — Patmos < —50Pa. A low pressure region between the jet and the spinning
axis can be identified (green and yellow) which precesses with the same frequency as

the nozzle. This low pressure core is deduced to be the cause of the small deflection of

the jet towards the spinning axis relative to the Archimedian spiral (Fig.4.9).
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Velocity Contour {ix > 0.5 Uyl

Figure 4.7: The phase-averaged pressure field ps—patmos <-50Pa at x/de=10 (velocity
contour overlayed). St,=0.004, Re=30,000. Colour scale: blue(-50Pa) < green < yellow
< red(-80Pa)

The time—averaged pressure fields at these downstream locations, normalised on the
dynamic pressure pq at the exit of the nozzle, are plotted in Figure 4.8. They confirm

the presence of a low pressure region within the jet flow, which reaches its lowest value

at x/d.=6 where the relative pressure is -0.016.
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Figure 4.8: The time-averaged pressure field in the high Strouhal number flow at x/de=3,
7 and 10. Stp=0.004, Re=30,000

4.3.3 The Deflection of the Low Strouhal Number Jet

Having established the presence of a low pressure field between the phase-averaged jet
and its spinning axis and deduced it to be the driving force to cause the jet to devi-
ate from the path of the Archimedian spiral, we compare the path of the jet with the
theoretical spiral curve calculated from Equation 4.1 and 4.2. The path of the jet is
derived from the results of the LDA measurements presented in detail in Section 3.2 and
Appendix B respectively. The comparison is shown in Figure 4.9 for two low Strouhal
number jets. For a Strouhal number of St,=0.002, the path of the local jet, defined as
the locus of the points of maximum phase-averaged velocity, seems to lag the Archi-
median spiral initially. This may be artificial given the approximated velocity decay of

a simple jet in Equation 4.2 and the difficulty of defining the precise centreline of the

178



jet. With increasing Strouhal number the deviation of the phase-averaged jet from the
relevant Archimedian spiral increases. In the flow with St;=0.0058, the effect of the
low pressure region, shown in Figures 4.5 to 4.7 is evident. The centreline of the local
jet is deflected towards the axis of rotation relative to the Archimedian spiral, with the

strongest deflection being in the region immediately downstream from the potential core.
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Figure 4.9: Deviation of the locus of the points of maximum phase—averaged velocity
in the precessing jet relative to the path of a projected Archimedian spiral in two low
Strouhal number flows
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Figure 4.10 displays a cross section in the x-r plane through a low Strouhal number
jet. It shows that the effect of precession on the jet is initially small and that the jet
trajectory is hardly deflected from its original 45° exit angle. It can be deduced that
the formation of vortical structures occurs almost in a straight line, so that the pressure
distribution across the local centreline of the jet is almost symmetrical. Figure 4.10
confirms the similarity of the low Strouhal number PJ flow to a simple turbulent jet,

where the shear in the jet supports the evolving vortical structures.

Figure 4.10: Laser sheet flow visualisation of a low Strouhal number jet, using Glycol
vapour to mark the jet. The light sheet is in the x-r plane and the exit conditions are:
Re=26,600, Stp=0.002
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particles, appearing black on the negative picture. The jet is not significantly deformed
from its original circular cross—section. It appears elliptical due to the 45° inclination

relative to the laser sheet in the r—® plane.

4.3.4 Frequency Spectra in a Low Strouhal Number Jet

Two regions have been identified in the low Strouhal number jet, the potential core re-
gion and the region where the frequency of precession is the dominant frequency in the
flow (Section 4.1). To confirm that the jet does not lose its structural coherence with
axial distance, frequency spectra have been derived from hot-wire anemometer mea-
surements. The hot—wire was placed at the radial distance from the nozzle axis which
corresponds to the location of the maximum velocity at that particular axial position.
A total number of 40,960 samples were taken, corresponding to 320 cycles of precession.
The data were recorded with a sampling rate of 1000Hz, using an anti-aliasing filter set

at 500Hz.

From the spectra shown in Figure 4.12 it can be seen that only one dominant fre-
quency and its harmonics can be identified over the whole frequency band. This fre-
quency corresponds to the frequency of precession and is apparent even in the far field

of the jet at x/d.=40. No other structures at other frequencies are detectable.
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Figure 4.12: Frequency spectrum on the jet centreline at x/de=10, 20 and 40
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4.4 Structures in the High Strouhal Number Regime

In the high Strouhal number regime, e.g. at St, =0.0098 (Appendix C) and 0.015 (Sec-
tion 3.3) as examined here, the vortex puffs tend to form at almost adjacent locations
rather than one behind the other. This is due to the high curvature of the projected
Archimedian spiral (Fig. 4.3). In this way the turbulent puffs are more ‘isolated’. For
the two Strouhal number cases examined here, the momentum source of the jet turns
by 7.2° and 11° respectively in the time between the formation of consecutive structures
at the end of the potential core of the jet. This angle is larger than the half width of
a simple turbulent jet, which was found by Wygnanski and Fiedler (1969) to be 4.9°.
Thus the structures are not supported by the shear produced with the jet acting as
the momentum source, but are in fact in conflict with each other due to the opposite
orientation of the vorticity on each side of the structures. While it is unlikely that the
primary structures are truly isolated, since they are connected through the streamwise
vortices being wrapped around the azimuthal rings (Liepmann and Gharib, 1992), here

we concentrate on the primary vortex rings.

4.4.1 Asymmetry in the Evolution of the Vortical Structures

The ‘isolated’ primary structures have some similarities to a turbulent vortex ring or
puff. Figure 4.13 illustrates the evolution of these vortices in the r—@ plane for the high
Strouhal number regime. The plot compares the trajectory of a projected Archime-
dian spiral, calculated from Equations 4.1 and 4.2, with the locus of points of maxi-
mum phase-averaged velocity obtained by LDA measurements. For these data the exit

conditions from the nozzle were u, = 40m/s, f, = 39.1Hz and f, = 59.1Hz, d, = 10mm,
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o = 45°, corresponding to Strouhal numbers of precession St, = 0.0098 and 0.015. Each
individual structure leaves the mechanical nozzle on the axis of rotation (x-axis). Thus,
the vortices do not exit with a tangential velocity component. Figure 4.13 shows the
position of each vortex puff, ignoring pairing and growth, based on the trajectory of
the projected Archimedian spiral so that the orientation of each structure is directed
towards the centre of rotation. The high curvature of the Archimedian spirals (Fig.4.3)
creates a much higher degree of asymmetry relative to the local phase-averaged jet cen-

treline than occurs in the low Strouhal number case.

Following the illustration of the pearl necklace introduced earlier, it can be seen that
as the necklace (Archimedian spiral) is curved more and more, the pearls (vortex puffs)
touch each other on the inside of the bend, while on the outside the gaps are widened.
For the puffs it means that the concentration of low pressure and reverse flow is amplified
on the inside of the bend and attenuated on the outside. The asymmetry relative to the
local axis of the jet, marked as the trajectory of the phase-averaged maximum velocity,
is much higher than that of the low Strouhal number flow and leads to an asymmetry

in the pressure field.

The asymmetry in the pressure field relative to the trajectory of the jet predicted
by the projected Archimedian spiral is consistent with the development of a recircula-
tion zone with increasing Strouhal number of precession. The recirculation flow zone is
located in the region between the emerging jet and its spinning axis in the time- and
phase-averaged domains (Section 3.3.2). Since it is associated with the reverse flow of

the jet structures, it rotates with the same frequency as the nozzle.
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Figure 4.13: Evolution of vortices in the high Strouhal number flow projected in the r—®
plane (simplified sketch ignoring vortex pairing and growth)

4.4.2 The Pressure Distribution

To measure the asymmetry in the rotating pressure field, the Cobra probe (Section 2.4.2)
has been used with the nozzle operating in the low velocity windtunnel (Section 2.2).
Figure 4.14 shows the phase-averaged pressure contour at x/de = 2, which is in the
precession dominated region. The time-averaged pressure in the region 2 <x/d. < 6,
where reverse flow is detected, is shown in Figure 4.15.

In the phase-averaged contour at x/de=2 a strong (dark) region between the jet and
the spinning axis is apparent. This low pressure core (ps — Patmos < —200Pa) causes a
high deflection of the jet toward the x-axis (Fig.4.16).

The time-averaged pressure field, shown in Figure 4.15, is normalised on the dynamic

pressure at the exit of the nozzle. At x/d.=2 the low dimensionless pressure in the
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jet (1.7 < r/de < 2.3) is —0.018, whereas the low pressure core found in the phase—
averaged contour (0.5 < r/d. < 1.5), displays values down to -0.03. A similar pressure
distribution is found at x/de=4, with the pressure in the jet (3.7 < r/de < 5.3) being
—0.012, whereas the low pressure core (1 < r/d. < 2) shows a minimum value of -0.03.
At x/d.=6 the low dimensionless pressure between the jet and the axis of rotation is
weaker with a minimum value of —0.22. The axial distance corresponds to the end of

the region of maximum deflection.

@ Velocity Contour Ux > 0.3 - Ux.cl

Pressure [Pa]

-100

-150

-200

0 2 4 6 8 9.5

Figure 4.14: The phase—averaged pressure field in the high Strouhal number flow at
x/de=2 (overlayed contour of the jet). Stp=0.015, Re=26,600
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Figure 4.15: The time-averaged pressure field in the high Strouhal number flow at
x/de=2, 4 and 6. Stp=0.015, Re=26,600
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4.4.3 The Deflection of the High Strouhal Number Jet

The pressure gradients in the flow field lead to the deflection of the streamlines towards
the radially inward and tangentially backward directions (Fig.3.57 and Fig.3.58), creat-
ing an azimuthal velocity component. The curvature of the streamlines and the locus
of the maximum velocity of the phase-averaged jet are related to the pressure force and

the low pressure core between the jet and its spinning axis.

Figure 4.16 illustrates the deviation of the locus of the maximum phase-averaged ve-
locity, from the projected Archimedian spiral as calculated from Equations 3.1 and 3.2.
The data for the jet trajectory was obtained from the LDA measurements described in
Section 3.3. In both Strouhal number cases, the spiral path does not predict the results
found in the experiments. The asymmetry across the centreline of the jet increases with
increasing Strouhal number of precession. The increasing pressure gradient forces the
trajectory of phase-averaged jet into increasingly tighter spirals than are predicted by

the equations for the Archimedian spiral.

Figure 4.17 shows a cross section through a high Strouhal number jet in the x-r
plane. It shows an ‘isolated’ vortical structure (1), which resembles a vortex puff of the
type presented by Glezer and Coles (1990). The second vortex puff (2) in the light sheet
appears to have originated from a previous cycle and has clearly been forced inwards
by the low pressure region between the emerging jet and the spinning axis. The low
celerity of the structures causes them to move very close to each other, which increases

the reverse flow region between them (as illustrated in Fig.4.17).
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A view of the jet fluid illuminated by a laser sheet in the r—® plane shows a turbulent
puff within a precessing jet flow (Fig.4.18). That figure shows a sequence spanning about
half a cycle of precession recorded with a HICAM film camera (Section 2.3.2). The sheet,
at x/d.=4, is located just downstream from the potential core of the jet and shows a
primary vortex ring break up into a turbulent puff and the development of a turbulent
tail, which is deduced to be illuminated by scattered light. No influence by one structure
to another is observed, which supports the contention that they are relatively isolated.
The turbulent puffs in the r—® plane follow the spiral path presented in Figure 4.16 for

the high Strouhal number case of St,=0.015.

L Em STp=0.0098
& STp=0.015
A-Spiral for STp=0.0098
8 / - - - - A-Spiral for STp=0.015
4 ;
g 0
»
-4 *
-8 \
-12 \

-12 -8 -4 0 4 8 12
r/de

Figure 4.16: Deviation of the locus of the points of maximum phase-averaged velocity
in the precessing jet relative to the path of a projected Archimedian spiral in two high
Strouhal number flows
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Figure 4.17: Laser induced fluorescence in a water tank showing vortical structures gen-
erated with a high Strouhal number precessing jet flow: Note ‘isolated’ vortex structures
(1) and (2). Stp=0.015, Re=26,600
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Figure 4.18: A time—sequence of vortex structures through half a cycle of precession for
a high Strouhal number flow. The light sheet is in the r—® plane at x/de=4. Stp=0.015,
Re=26,600




4.4.4 Frequency Spectra in the High Strouhal Number Jet

To confirm that the jet precession does not continue to dominate the high Strouhal num-
ber flow for distances x/d. > 6, hot—wire anemometry is applied to obtain frequency
spectra in the region of highest velocity in the jet at the axial distances x/d.=10, 20
and 40. The same experimental conditions are applied as in the low Strouhal number
flow. Again a total number of 40,960 samples were taken, which enabled 320 cycles of
precession to be recorded. The sampling rate was 1000Hz and an anti-aliasing filter was

set at 500Hz.

Figure 4.19 confirms that at x/d.=10 there is no preferred frequency detectable. An
expected peak at the frequency of precession of 40Hz does not appear above the ‘noise’
level of the spectrum and no other obvious peak is detectable. This supports the defi-
nition in Section 4.1 of the third region in the high Strouhal number flow. The jet flow

becomes axisymmetric and no jet or vortex puff structure can be detected.
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Figure 4.19: Frequency spectrum on the jet centreline at x/de=10, 20 and 40
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4.5 Conclusions

The motion and the deflection of the vortical structures in the flow produced by a
precessing jet are strongly dependent on the Strouhal number of precession. The low
Strouhal number jet (St, <5 to 6) is defined to be such that the deflection of the jet in
negative r and positive tangential direction is insignificant. The insignificant deflection
is associated with a small pressure gradient only between the jet and the spinning axis.
The vortical structures remain similar to those in a simple turbulent jet, and are not
strongly influenced by the jet precession. The jet as a momentum source supports the

shear and the vortex puffs maintain their structure.

In the high Strouhal number flow (St, > 6 to 7) the deflection of the locus of the
maximum velocity is large. The vortex structures become ‘isolated’ vortex puffs. These
puffs are deflected inwards (negative r—direction) and in the positive tangential direc-
tion. A low pressure core and a recirculation zone is developed bewteen the jet and
its spinning axis. The vortical structures lose their ‘identity’ at x/d.=8. No preferred
frequency has been detected by a single point frequency spectrum in the far field of the

jet and the precessing jet flow field becomes axisymmetric.

The mathematical model of an Archimedian spiral has shown reasonable agreement
with the trajectory of the precessing jet in the low Strouhal number regime. However,
the model fails to describe the behaviour of the jet in the high Strouhal number flow, due
to changes in the pressure gradients which deflect the jet towards the axis of rotation.
In the next Chapter an analytical evaluation, rather than a mathematical model, is used

to describe the Strouhal dependency of the precessing jet.
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Chapter 5

Analytical Evaluation of the

Strouhal number Influence

The previous sections found the Strouhal number of precession to be the determining
parameter in the precessing jet flow field. This is certainly found for the region after
the potential core, where the flow field is truly time-dependent, three-dimensional and
turbulent. An attempt is made in this section to determine if this behaviour is driven by

the turbulent mixing field or is inherent within the Navier—Stokes equations of motion.
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5.1

The Turbulent, Time—Dependent, Three—Dimen-

sional Navier—Stokes Equations

5.1.1 The Laminar Equations of Motion

The Navier-Stokes equations for a laminar precessing jet flow in a cylindrical coordinate

system are
b | o O e 0N, . Oy U 20D
ot Toor r 00  0zr r por
Pu, 1 Ou, wu, 1 O%u, 2 O0uy 0%u,
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In these equations the external forces such as gravity etc. are neglected.

The continuity equation 1s
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5.1.2 The fully turbulent three-dimensional Equations of Motion

To expand the equations to the fully turbulent form, u; is replaced with U; 4+ uj and p
with P + p/, where the values ~ represent the phase mean values and the ' represent the

phase mean fluctuating componets. Reynolds averaging with the following rules (Hinze

1959)
w; = 0
o= U=
Git; = Uil
G = 0
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Uy * —— - pr——— — — = =
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The high Reynolds number of 26,600 in the present investigation (Section 3) leads
to the assumption that the viscous terms can be neglected, as would be the case in a
simple turbulent jet (Abramovich 1963). This postulate will be examined in detail in
Section 5.2 for the precessing jet flow. Neglecting the viscous terms in the Navier—Stokes

equations leads to
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These equations form the base for the normalisation in the next section.
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5.1.3 Normalisation

First the boundary conditions have to be defined for the precessing jet case, when the

jet is exiting with an 45° angle relative to the x— and r-axes:

e r1=0: ux:ue-cosaezue-l,zé

2

o r=0: U, = U SIN Qe = Ue * 5

e r=0:u=0
o t=0: @ZQQ

To normalise the Navier Stokes equation to a dimensionless form, the following char-

acteristic scales are defined:

e only one time scale is available, which is based on the precessional frequency;

) t
time scale: t =
. 7'r -

fp
e for the x—coordinate the nozzle diameter is the appropriate length scale available;

x length scale: x =X - de

e for the r—coordinate the characteristic length scale is defined by the relation be-

tween the exit velocity and the frequency of precession (Section 4.2.2).

V2,
o~ 2 e
r length scale: r =1+ *5—

fp

1
e pressure: p=p-P=p- ipug

V2

o velocity scale: Uy, o = Uxr,e - Ve

2
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In these equations the values with the 7~ are the dimensionless terms. While the
full normalisation is not presented here, rewriting the Navier Stokes equations in terms

of the new dimensionless variables yields a single determining factor St, of the form
E‘;Te. This is the definition of the precessional Strouhal number which was proposed
by Nathan (1988) in his experimental study. Tt confirms the experimental investigation
which found that (when neglecting the viscous terms) the Strouhal number of precession

determines the characteristics of the precessing jet flow. Only the x—derivatives do not

have the Strouhal number of precession as a parameter.

5.2 The Reynolds Number Effects

The assumption of neglecting the Reynolds number terms in the Navier-Stokes equations
is investigated here. The Reynolds number can be defined by the general equation

inertial f
Reynolds number = B B

viscous forces

Abramovich (1963) describes the role of the viscosity in a free turbulent jet as follows:

“When a low—viscosity fluid flows around a solid body, the flow can be divided in
two regions: a comparatively thin layer of fluid located close to the solid boundary — a
boundary layer where viscosity, however small it may be, must be taken in to account,
and the other part of the flow in which viscosity can be neglected and hence the flow can
be described by laws of an ideal fluid. The boundary layer of the turbulent flow dtself
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is assumed to consist of a very thin sublayer bordering directly on the wall, with pure
laminar flow and the remaining (turbulent) part of the boundary layer, in which the

effect of viscosity is not significant.

Thus studies of flow around bodies, fluid motion through tubes, and in general vis-
cous flow of a fluid in the presence of solid boundaries, in principle, do not permit the
complete neglect of viscosity. A special characteristic of turbulent free jets is the absence
of solid boundaries of flow, and consequently also of a laminar sublayer, which makes
it possible to neglect completely the influence of viscosity in all cases of free turbulence
and also explains the self-similarity of jets, independent of the Reynolds number over a

very wide range.”

Prandtl used the assumption for his theory of free turbulence. Wygnanski and
Fiedler (1969) confirm the self-similarity in a free turbulent jet and find self-similar
velocity profiles also in the near field, with true self-preservation appearing at distances
of x/d. > 50. Hence, downstream of x/d. = 50 the knowledge of one length scale and
one velocity scale only is sufficient to determine any structure in the flow field (Hinze

1959).

The results obtained in precessing jet flows are consistent with the above conclusion
that Reynolds number effects are negligible in free turbulent jets. PJ flows can be gener-
ated by laboratory burner nozzles with capacities ranging from a few kW (Nathan 1988)
through to large industrial burners of scales exceeding one hundred MW (Nathan and

Rapson, 1995), a range of some four orders of magnitude, without significant changes
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in flame characteristics (e.g. flame shape, emissions etc.). Nathan (1988) showed, in
tests with air, that for a given nozzle size precession will occur over a range of velocities
through the controlling orifice, the upper limit being set by choking in the orifice. With
water flow through the nozzle the limit on the velocity is set by cavitation. In no case
has it been found that an upper limit to the precession is set directly by the Reynolds
number. The following results of LDA measurements confirm that the mechanical ana-
logue of the fluidic precessing jet is also tolerant of the Reynolds number, at least for

the modest range of Reynolds numbers possible.

To provide quantitative measurements of the effect of the Reynolds number, the ve-
locity field was investigated using LDA in two flows with Reynolds numbers of 26,600
(ue = 39.9m/s) and 6,600 (u. = 9.9m/s) respectively. A comprehensive set of results
over the whole measurement domain (x/de = 2,4, 6,8,10,12) is presented in the Appen-
dices D and E. Both sets of LDA measurements have been conducted with a Strouhal
number of precession of 0.0098 corresponding to a frequency of rotation of 39.2 Hz for
the higher Reynolds number case and 9.7 Hz for the lower Reynolds number case. All
other experimental conditions for the two cases are identical, with the exception of the
total number of sampled points. For the high Reynolds number case 42,000 points have
been measured for each radial position, giving over 100 points for each phase-averaged
location (with 1° segments per cycle). The lower Reynolds number case allowed only
14,000 points to be obtained for each radial position which provides about 39 points for

each phase-averaged position.
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5.2.1 Phase—Averaged Results

In Section 3 it was shown that the phase—averaged precessing jet (a. = 45°), operated
with a Strouhal number of 0.0098, is deflected towards the axis of rotation. This de-
flection causes the phase-averaged axial velocity component in the jet to become more
dominant, when compared to the radial and tangential velocity components, with in-
creasing axial distance. The phase-averaged axial velocity contour of the precessing
jet is compared at three representative axial positions for the two Reynolds number
cases. Two positions selected for the investigation, x/d.=2 and 6, are in the ‘precession
dominated region’ (Section 4.1.2). The third position is in the ‘region of no dominant
frequency’ (Section 4.1.3) of' the phase-averaged jet flow field at x/d.=10. In general,
smoother averages are displayed in the data from the higher Reynolds number case due
to the larger number of samples collected. Comparing the contour plots at x/d.=2 of
the two Reynolds number cases in Figure 5.1, the same general features can be identi-
fied. The core of the jet (red) is deformed and a low velocity tail (dark green) develops
tangentially behind the jet. Recirculating flow is detected in both cases on the two
‘sides’ of the phase-averaged jet: one is between the jet and its spinning axis, and the
other is on the outer (i.e. radially outwards) side of the jet. These reverse flow regions
are deduced to be due to the arrangement of vortex puff structures, as explained in
Section 4, which attenuate the reverse flow on the outer edge of the jet and increase it
between the jet and the spinning axis. In both cases these structures are similar in size
and experience the same radial and tangential deflections (as shown in Figures 5.2 and

5.3).
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Figure 5.1: Phase-averaged axial velocity contours at x/de=2, 6 and 10 for Reynolds
numbers of a) 26,600 b) 6,600
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At x/d.=6 the tail of the jet extends for almost the entire arc of the cycle. The recir-
culation zone between the jet and the spinning axis is, in both cases, of almost identical
shape. The core of the jet (red) is deformed similarly in both cases. The reverse flow

on the outer edge of the jet has become insignificant.

In the region x/d.=10, described in Section 4.1.3 as the region of no dominant fre-
quency, again the velocity contours are remarkably similar in the two cases. The radial
extent of the ring structures is nearly the same in both cases. For Re=26,600 the in-
ner radius of the ring is between r/d, =0 and 0.5 which is the same as in the 6,600
Reynolds number case. The outer radius of the ring for the higher Reynolds number is
at r/de = 10.5, whereas for the lower it is located at r/d. = 11. These radii were deter-
mined by the rg 5 criterion in each case, that is the location at which the phase—averaged

mean axial velocity 1, at x/d. = 10 is decreased to half of its maximum value.

A good method to assess whether Reynolds number has an influence on the flow in
a precessing jet is to compare the path of its ‘centreline’, defined as the locus of 1y g in
the phase—averaged domain. Fig.5.2 and Fig.5.3 show the path of the centreline in the
x—t plane and x—® plane respectively. Both comparisons display reasonable agreement
within the accuracy of the measurements, but a small influence of the Reynolds number
can be observed. In the x-® plane a difference of A® < 17° at the distance x/d.=4 and
6 is detected, while the remaining points experience almost identical deflections. For the
centreline in the x—r plane the difference appears at x/d.=6 and 8 and is of the order
of Ar/d. <2. Obviously Reynolds number effects are observed in the phase-averaged
regions where recirculating flow is detected. Besides these local differences, the overall

path of the jet centreline, seems to be unaffected by varying the Reynolds number.
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Figure 5.2: The influence of the Reynolds number on the jet deflection in r—direction.
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Figure 5.3: The influence of the Reynolds number on the jet deflection in ®—direction.
St =0.0098.

An important parameter which is often used to assess the entrainment character-

istics of a jet is the decay in the mean phase-averaged axial velocity =2<¢. The same

X,
Ux,e

two Reynolds number flows as used previously are compared here. Fig.5.4 shows the

maximum phase-averaged axial velocity component 1, o, normalised by the mean axial
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component of the exit velocity uye, against the axial distance x/d_. The velocity decay
of a simple turbulent jet is included in the diagram to demonstrate the differences be-
tween the precessing jet flow and a free turbulent jet. The two Reynolds number cases

are in good agreement. The maximum difference between the two cases, at x/d.=6 and

8, is of the order of A% = 0.07.
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e
0.2
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Figure 5.4: The influence of the Reynolds number on the velocity decay. St,;=0.0098

The last parameter to be used in the assessment of the effect of Reynolds number on
the phase-averaged flow is the quantitative comparison of the negative axial velocity in
the central recirculation zone. The axial velocity contours indicate that the zones are
almost identical in shape and size (Fig.5.1). At x/d. = 6 for Re=26,600, the maximum
reverse flow is located at r/d. = 2.5, and this is identical to the location in the lower
Reynolds number case (Fig.5.1). In both cases the radial extent of the recirculation zone
is Ar/d, = 3 and the tangential spread is approximately 110°. The maximum negative

axial velocity Ty rec between the jet and its spinning axis at each x/d. location is shown
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Figure 5.5: Maximum reverse flow in the central recirculation

in Fig.5.5. The data are normalised on the axial component of the exit velocity uye.
The only feature which shows a clear difference between the flows is the magnitude of

the reverse flow, the maximum difference of which, A% = 0.1, is found at x/d.=6.

Uy,

5.2.2 Time—Averaged Results

Figs.5.6 to 5.8 show the time-averaged profiles of all three velocity components i, T, T
for the two Reynolds number flows. The velocities are normalised by the local maximum
velocity component Ty max; Urmax, U8,max- - For the Reynolds number of 26,600, each
point has been calculated from 42,000 samples. This case is displayed with the symbols
connected with a solid line. At the lower Reynolds number of 6,600, only 14,000 samples

are available. Those data appear as symbols only.

The axial component of the mean velocity Ty is presented in Figure 5.6. In general
the data from the two Reynolds number cases display reasonable agreement in shape,

but the two curves appear to be offset relative to each other. Since the two data sets
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have been obtained with an identical experimental setup, this offset may be genuine.
The peaks of the two cases differ by approximately Ar/d.=0.46 in all downstream po-
sitions. In the regions x/de.=4, 6 and 8, where the phase-averaged results showed a
small difference between the two cases, a difference in the central recirculation zone is
apparent. For the high Reynolds number flow, the presence of a time-averaged mean
negative velocity region can be identified for 4 < x/d, < 10, whereas in the low Reynolds
number case the time-averaged recirculation of fluid, detected in the phase-averaged

mean axial velocity, is only detected near x/d.=10.

The profiles of the radial component in Figure 5.7 indicate reasonable agreement
between the two Reynolds number flows. The scatter of the data is a result of the much
lower radial velocity component overall. Also the normalisation on the local maximum
velocity component Ty max contributes also to an increased scatter of the data. The loca-
tion of the maximum time-averaged values T; max in the radial component corresponds
with the location of the maxima in the axial component. The radial distance to the lo-
cation of the peak values increases with axial distance generating large scale secondary
flow patterns. Following the curves from the spinning axis outwards (at x/d.=6-12) a
postive radial velocity component is observed followed by strong negative values which
then lead into the maxima of the profiles. There is inflow into the recirculation zone,
both from the spinning axis (r/d.=0) outwards (r/d.=2-3) and from the inner edge of
the jet (r/de=>5) inwards, into that reverse flow region (r/d.=2-3) for both Reynolds
number cases. In general, taking the low magnitudes of the radial component into ac-

count, the agreement is acceptable.
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The profiles of the tangential velocity component @, are displayed in Figure 5.8. The
scatter of the data again is due to the low magntidues of velocity and the normalisaion
on the Wi max- The maxima of Wg do coincide with the high shear region of the precess-
ing jet. The positive peaks coincide with the inner shear region of the jet (towards the
spinning axis) and the negative peaks with the outer shear region. The values in the
recirculation zone of the lower Reynolds number flow (6,600) at x/de=6 to 12 seem to
be attenuated. However, in the jet region and at larger distances in the radial direction,

the agreement of the data becomes adequate.

The turbulence intensities of the three components Vﬁ‘?" ”ﬁ‘?f UATUSIPS presented

uq:t
in Figures 5.9 to 5.11. The axial turbulence intensity 3@ is consistent with trends
found earlier in the mean velocity profiles. A significant Reynolds number effect is only
apparent in the region of the reverse flow. In that region extremely high turbulence is
measured and values differ between the two Reynolds number cases differ by A@ of

between 4 and 6. However, these differences are restricted to the reverse flow zone and

become insignificant at radial distances r/de > 3.

.The radial and tangential turbulence components 3@, 3@ in Figures 5.10 and
5.11, being the minor velocity components, show agreement only close to the nozzle
exit. At x/d.=2 and 4 reasonable agreement can be found (outside the recirculation
zone). With increasing axial distance, and hence with decrease in the magnitude of the
velocities, it is likely there is a random error component in the data, and hence 1t is not

reasonable to attempt to discuss differences as no trend is apparent.
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Figure 5.9: Time-averaged axial turbulence intensity for Reynolds numbers of 26,600 and
6,600. Stp=0.0098
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Figure 5.10: Time-averaged radial turbulence intensity for Reynolds numbers of 26,600
and 6,600. Stp=0.0098
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Figure 5.11: Time-averaged tangential turbulence intensity for Reynolds numbers of
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5.3 Conclusion

In concluding the present chapter, it can be stated that differences exist in the phase—
averaged and the time-averaged velocity and turbulence data in the two Reynolds num-
ber cases studied. However, these differences are confined to the region where recircu-
lation of fluid occurs (x/de < 7+ 1 and r/de < 3 —4. The main jet characteristics:
contours, deflection, velocity decay and spread, as well as the outer regions of the total
flow field are almost identical for the two Reynolds number cases. Therefore, it appears
that precessing jet flows can be analysed without the viscous terms in the Navier-Stokes
equations (e.g. Equations 5.7 to 5.9) can be expected to provide reasonable accuracy.
The data suggests that the PJ flow is independent of the (turbulent) Reynolds number,
when the Reynolds number is sufficiently high. However, the data shows that the flow
is most Reynolds number dependent in the vicinity of the recirculation flow regions.
Whether the differences would disappear with still higher Reynolds number cannot be

resolved from the present data, which only examined Re=6,600 and Re=26,600.
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Chapter 6

Conclusions

To aid the understanding of a naturally occuring but continuously unstable jet which
precesses about an axis other than its own, a ‘deterministic’ analogue, in the form of
a mechanically rotated, inclined jet with known initial conditions, has been studied.
The ‘natural’ precessing jet is the result of a fluid mechanical instability which occurs
after an abrupt expansion of the flow into an axisymmetric chamber and its subsequent
discharge from that chamber over a small step at the exit plane. In the naturally occur-
ing flow the initial diameter of the jet, the angle at which it leaves the nozzle and the
frequency with which it precesses about the nozzle axis are all ill-defined and are incon-
sistent from one cycle to the next. The mechanical analogue studied here has allowed
these exit parameters of the jet to be clearly defined and to be made consistent. In the
present system reported here the exiting jet is inclined at 45° to the axis of rotation,
has an exit diameter of 10mm and a centreline which intersects the axis of rotation at
the exit plane. Influences of the internal and external boundary layer of the spinning
mechanical nozzle have been investigated and have been made negligible by means of

a thin, non-rotating sheath over most of the nozzle. The integrity of the jet has been
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studied when the nozzle is not rotating (St,=0) by comparison with the established
form of a simple turbulent jet and acceptable agreement has been demonstrated. The
effect of the Strouhal number of precession on the overall flow field has been examined
by several novel means including either phase— or time-averaging of three-dimensional
velocity data obtained at a sequence of planes through the jet, and simultaneous time
dependent pressure and velocity measurements by means of a recently developed multi-

dimensional pressure probe.

Characteristics of precessing jet flows have been found to be strongly dependent on
the Strouhal number of precession and only very weakly dependent on the Reynolds num-
ber. Two flow regimes have been identified, termed the ‘low Strouhal number regime’
(St, < 0.005 — 0.006) and the ‘high Strouhal number regime’ (St, > 0.006 — 0.007),
with a smooth transition between the two regimes. In the low Strouhal number flow
the precessing jet follows a path which is close to a projected Archimedian spiral and
locally is comparable to a simple turbulent jet. In contrast the high Strouhal number

flow has dramatically different characteristics and flow patterns.

6.1 Measurements in the Precessing Jet Flow
The measurement techniques used to investigate the precessing jet flows have been:
e laser doppler anemometry (three-dimensional)

e high frequency, pitot type, pressure probe (Cobra probe)

e hot—wire anemometry
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The low Strouhal number flows show almost identical values of typical character-
istics when compared with a simple turbulent jet. The phase-averaged contours and
instantaneous pictures of the jet show that the jet maintains its round shape. A small
zone of recirculation is measured in the phase—averaged domain, but it is too weak to
be also identified in the time-averaged. The phase-averaged velocity components in the
radial and axial directions are almost identical to each other, since the jet continues in
its original exit angle of 45°. Also the turbulence intensities and Reynolds stresses are
comparable to each other. The tangential components of velocity and turbulence are
negligible in the low Strouhal number flow, since the rate of deflection in the tangential
direction is small and the nozzle does not impart a tangéntial component to the flow
since the jet exits on the spinning axis. The rate of decay in the axial velocity and
the spreading of the jet are each comparable to that of a simple turbulent jet. Phase-
and time-averaged turbulence intensities, phase-averaged Reynolds stresses and time-
averaged higher order statistics also show values which are similar to those in a turbulent

circular jet.

In the high Strouhal number regime the flow field is dramatically different to the low
regime. A region of strong recirculation is established between the precessing jet and the
spinning axis, due to the establishment of a low pressure core. This low pressure region
is apparent in both the phase— and time-averaged domains. The velocity contours in
the phase-averaged jet and the images of the instantaneous jet show a high degree of
deformation relative to a non-precessing jet. The precessing jet is deflected towards
the spinning axis and backwards so that it lags behind the direction of the precession.

A rapid decay of the radial components of velocity and turbulence is observed as the
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jet is deflected inwards and significant tangential components are generated. Although
the axial and radial components are initially equal, the axial component of velocity and
turbulence rapidly becomes the dominant component in the flow field. A ‘bifurcation’
is detected tangentially in front of the phase-averaged jet, where strong inflow into the
recirculation zone, between the jet and the spinning axis, occurs. Also flow into the
same recirculation zone is measured in the region not occupied by the phase-averaged

jet.

The spreading of the phase-averaged jet is greater in the high Strouhal number flow
than in either the low Strouhal number jet or in a simple turbulent jet. This results in an
increased decay rate of velocity along the centreline of the precessing jet. Also, phase—
and time—averaged turbulence intensities and phase-averaged turbulent shear stresses
are high in the region x/d. < 6 of the jet, which explains the high entrainment rates
of the jet found in earlier investigations. However, none of the preceeding characteris-
tics are evident at distances x/d. > 6. There is no evidence of any precession beyond
x/d. = 6 where the phase-averaged and time-averaged results are identical. A ring-like
structure, which is many times the scale of the nozzle dimensions and is symmetric
about the nozzle axis, is found in both the time-averaged and phase-averaged flow.
However, no preferred frequency is measured in this region, neither at the frequency
of precession nor at a lower frequency. Nevertheless, the visualisation images identify
some structure in the turbulence. This evidence suggests that the flow does not grow by
pairing, or amalgating of structures of a characteristic size, as occurs in a non—precessing
jet. Rather a wide spectrum of turbulence scales is found. The turbulence intensity and
Reynolds stress levels in the region downstream from the recirculation are significantly

reduced relative to those in the region of the recirculation zone.
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Analytical evaluations of the flow field confirm the dependency of the flow field on
the Strouhal number. Appropriate normalisation of the three-dimensional, turbulent
Navier—Stokes equations leads to the prominence of a single dimensionless parameter,
the Strouhal number of precession, when the viscous terms and the Reynolds number
effects respectively are neglected. Measurements of two different Reynolds numbers in
the same Strouhal number flow have shown the precessing jet flow to be largely inde-
pendent of the Reynolds number downstream of x/de=6. Only at distances x/d. < 6

do the Reynolds number differences appear.

6.2 Identified Flow Structures

Flow structures in the low and high Strouhal number regimes have been been identified

visually by the following techniques:

e laser induced fluorescence (LIF) in water flow

e laser sheet using Glycol vapour, Titanium Dioxide and glass beads in air flow

e conditional smoke pulses in air flow

The structures in low Strouhal number PJ flows (St, < 0.005 — 0.006) are closely
similar to those in a simple turbulent jet. As the rotational frequency and the Strouhal
number are small, the Kelvin—Helmholtz instabilities from which the flow structures
(vortex puffs) develop and follow each other at a respectable distance in almost the
same way as a simple jet. The jet, as a momentum source, supports the shear between
the jet flow and the ambient fluid and the jet structures are not significantly deformed.
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These structures are evident even in the far field of the jet. A small low pressure field
between the jet and the spinning axis is apparent, but it is weak and does not lead to
any significant jet deflection of individual elements of the jet fluid from a straight line
path which projects back to the origin at the nozzle exit. The path of the jet centreline,

which is not a mean streamline, therefore describes the expected Archimedian spiral.

In high Strouhal number flows significant recirculation of fluid has been observed.
The structures in the jet become distorted and begin to interact one with the next in a
manner which causes an increase in the curvature of the jet locus. The jet ceases to be
an adequate momentum source for the vortices. Expressed alternatively, the ring-like
vortices or puffs become highly deformed and the successive puffs are displaced laterally
so they no longer follow behind each other at a ‘respectable’ distance. This results in
an asymmetric pressure field across the jet trajectory and a high deflection of the jet

from the original 45° exit angle.

Comparing the trajectories of the two precessing jet flow regimes with an Archime-
dian spiral path emphasises the strong differences between the low and the high Strouhal
number regimes. The projected path of the low Strouhal number jet is in good agree-
ment with the path predicted by an Archimedian spiral. But measurements in the high
Strouhal number regime have shown that the trajectory follows a much tighter curve
than that predicted by the Archmedian spiral, due to the vortex puff interactions and

to the recirculation and low pressure core between the jet and its spinning axis.
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6.3 Future Work

The precessing jet flow, being a relatively recently identified phenomenon in fluid me-
chanics, is still poorly understood. The precessing jet flow produced with the mechani-
cally rotated nozzle, as presented here, as well as the flow produced inside and outside
the fluidic nozzle need to be investigated further. Some investigations, which appear to

have potential to increase understanding of the flow, are suggested below.

6.3.1 Further Research

In the investigation reported in the present thesis it was only possible to explore the
Strouhal number and Reynolds number dependencies of the precessing jet flows created
by the mechanical nozzle. The influence of the exit angle of the jet in particular re-
quires further research while changes in the exit diameter of the jet are not expected to
be significant. An investigation of such changes for the same Reynolds number as in this
work, and for the same mass flow rate, would establish limits on the Reynolds number
independence found in the present work. In this regard it is interesting to note that for
low Reynolds number laminar jets a full Navier-Stokes computation at the Pennsylvania
State University (Manohar et al. 1996) has shown strong evidence of the precessional
instabilities. Investigations with the mechanical nozzle and combustion are also needed
to build a link to the rapidly advancing commercial application of the PJ, that is of
the fluidic nozzle, as an industrial burner (‘GYRO-THERM’). Parametric studies in
flames with the mechanical nozzle will enable comparison with data obtained for the
fluidic nozzle and would greatly assist the understanding of the highly successful but

very complicated flow and combustion process.
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The fluidic nozzle, which is being investigated by Hill (1997), will also need further
work to understand the mechanism that intitiates and drives the precession in the ax-
isymmetric cavity. To be able to control and vary the precession for each industrial
application enables optimisation of the burner designs. Parametric studies on the flu-
idic nozzle will be more difficult than the mechanically driven flow addressed in the
present thesis, since the precessing jet flow exiting from the cavity involves many more
unknowns. Not only do the exit diameter, the exit angle, the exit velocity and the
frequency of precession appear as variables, as in the mechanical nozzle, but also the

location of the jet exit is not on the spinning axis and the shape of the exiting jet is not

well defined.

6.3.2 Existing and Potential Industrial Applications

As described in Section 1, the fluidic nozzle, which produces the continuously unsta-
ble precessing jet flow, has been commercialised as the GYRO-THERM burner. To
date, the industrial burner has been applied in the cement, lime and alumina industries.
Burners in the range of 20MW — 100MW have been installed in Geelong Cement, VIC,
Queensland Alumina, Gladstone, and Swan Portland Cement, WA, in Australia, and in

Lafarge Cement, Richmond, Canada. Two more burners have recently been commis-

sioned in the USA.
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The characteristics of the burner which yield simultaneously both reductions of emis-
sions and of fuel consumption, and the relatively simple design show considerable po-
tential for its adoption in many more sectors of industry which require process heating
by means of fossil fuels. Interest from the glass and metals industries is being persued
by FCTI (Fuel and Combustion Technology Int., Australia) and several small burners
(5MW) have been commissioned. The technology is also relevant in the field of power
generation and several tests using a GYRO-THERM burner as a pilot in coal fired
boilers have been performed successfully. The precessing jet flow also has application as
a simple and efﬁgient mixing device and this could open applications well beyond the

combustion field.
To realise all or even some of the above potentials will require many more PhD

studies and many years of research to understand and be able to apply the precessing

jet over its full range of potential applications !
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and Re=26,600
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Figure A .2: Laser illuminated flow field of the precessing jet. Stp=0.002, Re=26,600.
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and Re=26,600
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Stp=0.015, Re=26,600.

1'-. B A

IFigure B.1: Laser sheet visualisation. Multiple exposure,

sheet vsialisti.on. Multiple exposure, Stp=0.015, Re=26,600.

Figure B.2: Laser
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