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" ABSTRACT

Experimental results are presented for velocity and
concentration characteristics of isothermal, turbulent
round jets. The investigations have been carried out with
steady and unsteady gas jets of: air, helium,Freon-12 and
‘sulfurhexaflouride issuing into atmospheric and-préséﬁrized'air
surrdundings. The Réynoids numbef range was 2000 - 70000.

For the steady jets, a combination of hot-wire anemo-
metry, laser-induced Rayleigh scattering and sampling
probes has been used to determine the velocity and concen-
tration characteristics of jets of Freon and air into
still air. The results show that the heavier density jet
spreads more slowly than the ligher air jet. For a given
Reynolds number, the concentration decays and spreads more
rapidly than velocity and the difference is greater with
the high density jet; the two jets have similar decay
rates if their initial momentum is the same. Discrete
frequencies in the near field were observed from the jet
exit to around seven diameters downstream and appear to be
associated with vortex pairing; the Strouhal number varies
from 0.14 to 0.8 and scales with the inverse of jet mom-
entum.

The unsteady jets have been investigated with a com-
bination of laser-induced Rayleigh scattering, laser Doppler
anemometry, shadowgraphy and Schlieren techniques and photo-
diode arrays to determine characteristics of the jet tip
penetration, velocity and concentration fields. The
influence of nozzle design is considered in detail for two
diffusing and two contracting nozzles. Measurements  are
reported for jets of Freon-12 (CClez) and sulfur hexa-
fluoride (SF6) issuing into still air and into the cylinder
of a motored model engine at compression ratios of 0, 3.5
and 6.7. The results show increases in spread and decay for
decreases in density ratio between the jet and its surround-



ii

ings, which can result as a consequence of the jet density
airéctly or by increases in the ambient air density due to
the compression process. The photographic results indicate
an initial rapid vortex growth at the jet front, followed
by a steadying behaviour and concluded by the formation of
a convecting vortex when the jet is turned off.
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CHAPTER 1 INTRODUCTION

1.1 TOPIC OF THESIS

The work presented in this thesis is concerned with the
shear flow mixing which results from round turbulent gas
jets issuing into a medium of equal or different density
from that of the jet. The flows are axisymmetric and in-
clude steady and transient flow behaviour and are relevant
to gas ejectors, fuel jets in combustors for marine and air-
craft engines, fuel jets and sprays in internal combustion
engines, and rocket engines. Improved understanding of the
jet flows has been obtained by experiments with results
which can also guide the development of computational
methods and the formulation and calibration of turbulence
models.

The purpose of the thesis is to present experimental
results of velocity and concentration characteristics of
round jets as described above and to report developments of
experimental techniques particularly for measurements in
transient and non-uniform density jets.

An outline of previous work is provided in the next
section which includes a review of jet flows in terms of
characteristics of averaged properties and their organised
flow structures. The breadth of the review is for these
characteristics as found along the initial and developed flow
regions of steady and transient jets. The third sectibn
presents the approach and justification for the present work.

An outline of the thesis is provided in the fourth section.

1.2 OUTLINE OF PREVIOUS WORK

Experimental investigations of jets have been many and
reviews have been given by Hinze (1975), Rodi (1976, 1982),
Chen and Rodi (1980), Ribeiro and Whitelaw (1980) and List

(1982). Becker and Massaro (1968) report some interesting



historical notes on jet flows (dating to the mid 1800's)
and much of the theory of the instability and sound generation
mechanisms of jets was considered by Rayleigh (1894) in the
first volume of his theory of sound. Physical understanding
of the transport processes in jets has improved particularly
over the last 37 years as a result of the combined develop-
ments of experimental techniques and of turbulence modelling.
Jet flows, in general, are associated with three regions
identified as the near field, the intermediate region and the
self-preserving region which is often referred to as the
fully developed jet, or self-similar region. Extensive
analysis and the theory of turbulent jets has been reported
by Abramovich (1963) and specific consideration of the mean
profiles of turbulent jets (round, plane, radial, impinging,
co-axial, annular, free and enclosed jets) by Rajarantnam
(1976). More general results are summarized below and in the
next sub-section. A second sub-section reviews organised
flow behaviour and a third sub-section reviews transient jets.
At the end of each sub-section a summary of the information
presented is provided.

Ducted jets have been considered by Bécker, Hottel and
Williams (1963, 1967) and Otis (1976); plane jets by
Bradbury (1965, 1967), Bashir and Uberoi (1975) and Pope
(1984) who invluded an extensive review. Two phase (particle
laden) jets have been investigated by Hetsroni and Sokolov
(1971) and Subramanian and Ganesh (1984); the mixing in the
interaction zone of inclined jets by Becker and Booth (1971)
and jets in an opposing stream by Elghobashi et al (1981).
The .radial jet has been discussed and examined by Hekestad
(1966) and Witze and Dwyer (1977) and jets with swirl by
Morse (1980) and Gibson and Younis (1986). Free co-axial
jets have been investigated by Maczynski (1961) and Durao (1971),
confined co-axial jets by Habib and Whitelaw (1979) and



annular jets by Ko and Chan (1979). Round jets into a
crossflow were investigated in the classic study by Crabb,
Durao and Whitelaw (1981) and jet penetration in supersonic
and transonic crossflow by Manela and Seginer (1986).

Most of the references have emphasized the study of mass
and momentum transport in near or fully developed

jet flow regions. Emphasis on the near field mean flow
characteristics have been given to coaxial jets by

Forstall and Shapiro (1950), Durdo and Whitelaw (1972),
Ribeiro and Whitelaw (1976) and Ko and Au (1981); axi-
symmetric jets by Isloam and Tucker (1980) and the piane
two-dimensional jet and idealized mixing layer conditions by
Scott and Rask (1977) and Carlomagno (1985). Detailed
measurements of mean velocity, turbulence intensities and
shear streéses, and particularly the exit boundary layer
characteristics and their influence on the mean flow for round
jets, have been reported by Davies, Barrat and Fisher (1962),
Bradshaw, Ferris and Johnston (1964), Sami et al (1967),
Boguslawski and Popiel (1979), Lau et al (1979), David and
Davies (1979), Islam and Tucker (1980), Hussain and Husain
(1980), Kibens (1980) and Zaman and Hussain (1984).

The axisymmetric, turbulent round jet is a special class
of complex shear flow as discussed by Townsend (1976) and
Bradshaw (1983) and with scales and characteristics as
summarized by Hinze (1975), Lessen (1978) and Cantwell (1981).

The sub-section which follows presents discussions
associated particularly with the averaged quantities of round,
steady jets and includes consideration of the influences of
jet density and initial conditions. Also concerned with
steady jets is sub-section 1.2.2, but with emphasis on
organised flow characteristics and similar observations
for non-circular turbulent jets. The combined character-
istics of averaged quantities and organised flow behaviour
are Qiscussed at the ‘end of sub-section 1.2.2 and in connection

with jet noise.



1.2.1 Averaged flow characteristics

The jet investiggtions have shown conclusively that
the transport of vector and scalar fields in jets differ
and that the turbulence characteristics of the vector and
scalar are also different as suggested by the many investi-
gations of spectra; see, for example, Batchelor (1959),
Batchelor, Howells and Townsend (1959), Saffman (1960),
Gibson (1563), Gibson and Schwarz (1963), Nye and Brodkey
(1967), Hill (1978) and Gargett (1985) who considered the
different dissipation scales of the scalar spectrum in con-
trast to those of the velocity spectrum. Liepmann, Laufer
and Liepmann (1951) discussed the spectrum of isotropic
turbulence and Antonia et al (1984) compared temperature
spectra and examined the co-spectra of velocity and temper-
ature; they showed a dependence of the temperature spectrum
on the velocity spectrum. The important finding was that
the temperature spectrum was influence by the u, v and w
velocity fluctuations and especially near the centreline
plane. Gibson and Schwarz (1963) examined the entire range
of wave numbers of velocity, concentration and velocity
fluctuations and considered the separate forms of the
diffusivities and dissipation rates of the velocity and
scalar fields; the measurements support the theories of
Kolmogoroff and Batchelor. Similarly, Nye and Brodkey (1967)
and Hill (1978) extended the work of Batchelor (1959),
Batchelor et al (1959), and that of Gibson and Schwarz (1963)
to confirm the characteristic differences in dissipation and
diffusion.

Hinze and van der Zijen (1949) quantified the similar-
ities and differences between the mean concentration, temper-
ature and velocity fields of a free turbulent round jet and
showed that the rate of spread for the scalar fields was
greater than that of the velocity. Forstall and Shapiro



(1950) confirmed a similar relationship between vector and
scalar fields for coaxial jets. Corrsin and Uberoi (1950)
investigated velocity and temperature fields in a jet and
showed the faster diffusion rate of heat over momentum and
that the jet fluid density had an effect on spreading rate.
Hottel (1953) discussed the structure of a round jet issu-
ing into stagnant surroundings and presented an analogy
between the transport of momentum and scalar transport.
Sunavala, Hulse and Thring (1957) applied the results of
Hottel (1953) to express the nozzle fluid concentration in
terms of its reciprocal along the centreline and then used
the concept of Thring and Newby (1953) of an equivalent
nozzle diameter to evaluate an axial decay "constant" for
the concentration field he analysis method of Sunavala,
Hulse and Thring (1957) has been used extensively by many
authors to quantify the mean characteristics of velocity,
concentration and temperautre fields of round jets. Hinze
(1975) has discussed the concept of Thring and Newby (1953)
of an "equivalent diameter" to account for density differ-
ences and has shown that the same result can be obtained
directly from an analysis of the conservation of exit mom-
entum flux. A general velocity decay law (also accounting
for the effects of density differences between the jet and
ambient) has been proposed by Narain (1976) for three-
dimensional jet flows, i.e. jets from circular, elliptical,
triangular and rectangular orifices.

Ricou and Spalding (1961) considered the problem of entrainment in
isothermal round jets with and without density differences between the
jet and surroundings. They accounted for the effects of
density in a similar manner to Sunavala, Hulse and Thring
(1957) showing that the centreline decay of made flux was
hyperbolic and thus that the reciprocal behaviour of mass
flux varied linearly with distance from the nozzle.
Measurements of concentration fluctuations in a round
turbulent jet were reported by Rosenweig, Hottel and



williams (1961) and numerical predictions of concentration
fluctuations by Spalding (1963). Rosenweig et al developed
a novel experimental technique using smoke for a marker and
detected the mean and rms concentration using light scatter
principles. They compared the spectral density-
distributions for velocity, temperatiire and concen-
tration and showed the velocity spectrum to be similar to
that of the scalars but not exactly the same. They also
showed that concentration fluctuations were relatively
higher) than those for temperature and wvelocity and
provided evidence that analogies between concentration,
velocity and temperature fields do not hold exactly. Sub-
sequent work by Ambramovich et al (1969) and Sforza and
Mons (1978) considered the mean radial spread and centre-
line decay of mass, momentum and temperature for jets of
different densities and established the dependence of the
spread of mass, momentum and temperature on density.

“The work of Ambramovich-et -al (1969) appears to be the

only experimental work to consider the systematic variations
in characteristics of spread of mass, momentum and temper-
ature as affected by density ratio.

The numerical investigations of Weinstein and Todd
(1963) of jets with large density ratios showed that the
potential core length of a jet increased with increasing
density ratio between the jet fluid and surroundings and
that the potential core length was very sensitive to the
initial velocity profile; they showed that changing from a
flat (i.e. uniform) to a parabolic exit profile results in
a marked increase in potential core length. They also
predicted that the potential core length was shortened by
increasing the velocity of a coaxial flow surrounding the
jet and this has been confirmed by the experimental find-
ings of Ambramovich et al (1969). Rankin and Sridhar
(1978, 1981l) considered the influence of initial velocity

profile (uniform and parabolic) on the developing region



of laminar jets and Witze and Dwyer (1976) have considered
the influence of laminar wall boundary layers on turbulent
jet development and proposed a method to account for the
mass and momentum defect due to the finite boundary layer
thickness.

Wilson and Danckwerts (1964) reported on time-averaged
velocity, temperature and temperature fluctuations in a
heated turbulent jet and showed the faster spread of jets with
lower density to result over those of heavier density.
Becker, Hottel and williams (1967) refined the light scatter-
ing technique developed by Rosenweig et al (1961) and made
measurements of the nozzle fluid concentration field of a
round air into air jet; Shaughnessy and Morton (1977) also
employed the principles of Rosenweig et al (1961), replacing
the light source with a laser, to make measurements of
particle concentration in a turbulent jet and attempted
measurements of the micro- and integral-scales of the con-
centration fluctuations. Their work (and that of Becker,
Hottel and Williams) was important in establishing that
many of the atypical results reported up to that time were
influenced by the measurement technique. The principal
conclusions of the work by Becker, Hottel and Williams
(1967) were that self-similar characteristics in mean and
rms profiles of concentration were obtained by round jets
and that centreline decay of mean concentration was hyper-
bolic in axial distance from the nozzle; similarly as est-
ablished previously for the mean velocity decay. Torrest
and Ranz (1970) developed a microconductivity probe to
determine concentration fluctuations in round jets, multi-
ple injection jets, a plane jet and a plane mixing zone and
showed self-similarity characteristics were also established
in the concentration fields determined for these flows; they
reported particularly good agreement with the findings of
Becker, Hottel and Williams (1967) for the concentration
results of the round jet and, although not reported by



Torrest and Ranz, the self-preserving characteristics found
for the plane jet by Bradbury (1965) in mean velocity and
turbulence intensity were similarly present in the scalar
fields reported by Torrest and Ranz .of their plane jet.

Way and Libby (1971) were interested in turbulent
flow with density differences due directly to jet fluid
in contrast to temperature effects (and a Schmidt number
of about 0.2) and used a jet of helium discharging into
air to measure mean and fluctuating quantities of the helium
concentration. They showed that a jet with density less
than its surroundings results in increased mixing rate and
higher relative intensity of velocity and concentration
fluctuations in the near field and transition regions; the
results show that the high frequency end of the velocity
spectrum was not influenced by density and, as pointed out
later by Libby (1977), the link between the relative density
intensity and corresponding concentration intensity is based
on mean concentration levels.

Birch, Brown, Dodson and Thomas (1978) examined the
concentration field of a methane jet and critically assessed
the dependence of results on experimental technique, as
previously noted by Becker, Hottel and Williams (1967).
Lockwood and Moneib (1982) compared scalar intensity levels
obtained by different experimental techniques and showed in
agreement with the conjecture of Becker et al (1967), that
atypical values for both mean sptead levels and intensity
of fluctuations are a consequence of the measurement method.
Chen and Rodi (1980) and Pitts (1986) have summarized a
large number of experimental results of mean scalar and
vector radial spread and centreline decay constants for
equal and non-uniform density round jets and the data
presented show clearly the dependence of jet spreading on
density ratio between the jet and surroundings; as predicted,
for example, by the earlier work of Corssin and Uberoi
(1950), Thring and Newby (1953), Ricou and Spalding (1961),



Abramovich et al (1969) and Sforza and Mons (1978). More
recent developments in experimental techniques have per-
mitted the investigations of statistical characteristics

of vector-scalar correlations and the study of temporal and
mean flow behaviour in jets with non-uniform density; see,
for example, Kinoshita et al (1978), Dyer (1979), Birch et
al (1984), Pitts and Kashiwagi (1984), Schefer and Dibble
(1985), Starner (1983, 1985, 1986) and Gulati and Driscoll
(1986). Developments in theoretical methods have also
allowed for detailed studies of velocity and scalar correl-
ations with input from empirical results. In addition,-new
studies with theoretical models have been made of the
properties and characteristics of turbulence intermittency
and probability densities as reported by Kollmann (1984),
Nguyen ana Pope (1984), Givi, Sirinano and Pope (1984) and
Pope (1984).

From the above review the following summary con-
clusions can be made for the averaged flow characteristics
of steady jets:

The spreading and decay of mean and turbulent prop-
erties of jets are dependent on the density ratio between
the jet fluid and ambient, pj/pa. As the ratio pj/pa
increases the radial extent and centreline decay of mass
momentum decrease and with opposite behaviour resulting
when pj/pa decreases. The decay and spread of scalar fields
is greater than that of a vector independent of the value of
pj/pa-

The potential core length as well as the distance from
the nozzle to the first vortex roll-up increase with
increase in pj/pa and decrease with decrease in pj/pa. Jet
mixing is more efficient when pj/pa is small. Jets with
higher values of pj/pa show larger values for un~mixedness
than those with lower values of pj/pa; that is, faster ‘
uniformity in mixing intensity results with lower density

jets and to lower values.
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There is good agreement in reported asymptotic wvalues
and constants for jets and with the similarity character-
istics of the developed flow regions where most of the
investigations have been carried out.

Initial flow regions to date have only been investi-
gated in a limited number of studies and particularly lack-
ing are measurements of both scalar and vector fields in

the near field for jets with large density differences.

l1.2.2 Organised flow

Jet flows have been shown to contain organised
structures referred to by many authors as coherent structures.
Reviews of organised motion and coherent structures in
turbulent shear flows have been given by Coles (1981),
Cantwell (1981), Hussain (1983), Gutmark and Ho (1983) and
Aref (1983). As noted by Becker and Massaro (1968), the
realization of existence, and observation, of organised
structiires in turbulent jets and flames dates from Leconte
(1858). Visualization of the organised vortex flow patterns
in the near field of round jets has been carried out by many
authors including, for example, Davies et al (1962),
Bradshaw et al (1964), Becker and Massaro (1968) and
similarly in the plane jet by Hsia et al (1984) and in the
mixing layer by Brown and Roshko (1974). Vortex formation
in the near field of jet diffusion flames has also been
visualized, for example, by Eickhoff and Winandy (1985)
and Eickhoff (1982) has reviewed and discussed the nature
of instability and organised structures in jet flames and
there are interesting similarities to isothermal jets.

Corke and Guezennee (1986) have considered the determin-
ation of "coherent content” in the near-wall region of a
turbulent boundary layer and have proposed an objective

manner by which to extract similar information from the
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analysis of temporal data for other flows; coherence
measurements in turbulent boundary layers have also been
reported by Savas and Coles (1985). Mongal, Dimotakis and
Broadwell (1984) investigated the reacting two-dimensional
mixing layers and suggested that the processes of mixing
and entrainment in the mixing layer are dominated by large-
scale structures. In the remainder of this sub-section we
outline developments in the understanding of organised flow
behaviour, particularly in round jets; coherent and organ-
ised flow structures in coflowing jets have been documented
by Perry and Lim (1978). Overall information is presented
in the next two paragraphs followed by more detailed discussions.

The near field of tmiform density round jets has been examined by
Michalke and Fuch s (1975), ¥ule (1978), Maestrello and
Fung (1979), Whiffen and Ahuja (1983), Long and Arndt
(1984) and Durao and Pita (1984). Much of the emphasis by
these authors has been on the nature and magnitude of
naturally occurring oscillations and their amplification
by external sources.

Large scale coherent flow structures have
been reported in the intermittent region of self-preserving
round jets by Kamori and Ueda (1985) and in the nearly
self-preserving region by Tso, Kovasznay and Hussain (1981).
Since the mixing layer investigations of Brown and Roshko
(1974), continuing interest has remained with the organised
structures in the turbulent mixing layer, where many
similarities to round jet structures have been found; see,
for example, Zaman and Hussain (1984), Dziomba and Fiedler
(1985) Brown and Troutt (1985) and Hussain and Zaman
(1985). Dziomba and Diedler (1985) documented the effect
of initial conditions on the downstream development of the
mixing layer and have shown similar effects result with the
round jet; a disturbedl initial boundary layer leads to
increased Spreading and entrainment and they documented the

sensitivity of flow periodicity and development to (even
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small) external disturbances by the flow rig.

Csanady (1963) demonstrated expgrimentally for a plane
jet that = augmentation of the near field vortical struc-
tures by external vortices resulted in broadening of the
downstream (turbulent region) and hence that a jet is made
to "slow" down in shorter axial distances than would resiult
in the absence of external disturbances; Bradshaw, Ferris
and Johnston (1964) drew similar conclusions concerning
externally excited behaviour. However, neither Csanady nor
Bradshaw et al related the effects of augmentation to
improved mixing or influence on entrainment for the jet.

Davies, Fisher and Barrat (1963) experimentally deter-
mined turbulence characteristics in the initial (mixing)
region of .a round turbulent jet and expressed the statis-
tical (averaged) nature of the turbulence in terms of kine-
matic similarities. They showed that differences existed
between the local mean and convection velocities and pointed
out some of the vortex features of the initial region. The
work carried out by Bradshaw, Ferris and Johnston (1964)
considered in detail the flow structure and turbulence
features in the near field of a round jet. They explained
further the convection and mean velocity differences
observed by Davies, Fisher and Barrat (1963) to be due to
the large eddy dominance of the near field mixing region.
Clark and Kit (1980) have summarized the experimental
shear layer, plane wall jet and plane orifice jet. The
general indications are that the convection velocity Uc
has a value of between 0.5 and 0.6 of the mean exit velocity
UO (0.5 < Uc/Uo < 0.6); Becker and Massaro have reported
similar values and with the value of Uc/Uo for round jets
remaining between 0.55 and 0.60. The ratio Uc/Uo is defined
to be proportional to the wavelength A of the vortex train
or Uc/Uo = fA/UO where £ is the vortex passage frequency:;
Becker and Massaro referred to fA/UO as a dimensionless wave
velocity and Clark and Kit as the dimensionless vortex con-

vection velocity.
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Sullivan, Widnall and Ezekiel (1973) used a two-
component .laser Doppler velocimeter to measure axial and
radial velocity distributions in vortex rings resulting
from pulsing air through a sharp-edged orifice. They
found that vorticity was concentrated in the vortex ring
core for both thick core and thin core vortex rings and
that the vortex rings were unstable to azimuthal perturb-
ations; a less conclusive finding was that vorticity became
more diffuse at lower Reynolds numbers. Maestrello and
Fung (1979) measured the instantaneous near field pressure
fluctuations of a round subsonic jet and found that a
quasi-periodic structure first appears as a rolling-up of
the mixing layer within one nozzle diameter and at a
distance of three nozzle diameters they observed the
initial periodic structure to be fully developed and with
a value for the Strouhal number based on nozzle diameter 4
(Std = fd/Uo) between 0.3 and 0.4 with the structure disa-
ppearing beyond the potential core.

Crow and Champagne (1971) performed a detailed study
of the noise producing region of a round jet using Schlieren
photography and hot-wire anemometry. They observed the
evolution of orderly flow with increasing Reynolds number.
For Reynolds number between 100 and 1000 the instability
of the jet evolves from a sinusoid to a helix and finally
to a train of axisymmetric waves; theoretical treatment of
large scale eddies in the jet near field is given by Liu
(1974); Petersen (1978) studied the influence of wave dis-
persion on vortex pairing and Plaschko (1979) the helical
instabilities. At a Reynolds number of about 10000, the
boundary layer of the jet is thin and Crow and Champagne
(1971) observed two kinds of axisymmetric structures:

(i) surface ripples on the jet column which scale
with the boundary layer thickness and become

shorter as the Reynolds number approaches 105
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and (ii) a train of large scale vortex puffs, the
structure of which remains consistent and
define an average Strouhal number Std of
about 0.3; the large scale puffs super-

imposed themselves on the surface ripples.

When external periodic surging of the jet was made,
the surface ripples were suppressed. Moreover, with surg-
ing, the entrained volume flow increased 32% over the un-
forced case, and as noted above, this increased entrainment
effect was not reported by Csanady (1963) or Bradshaw et
al (1964). Crow and Champagne found that when they forced
the jet at the exit with Strouhal number of Std = 0.6, a
violent stharmonic resulted at Std = 0.3 which further
resulted in a significant increase in jet spreading angle.
One of the important findings by Crow and Champagne was that
as the Strouhal number goes below 0.45, a forced wave
becomes highly dispersive and attains an amplitude large
enough to break-up the jet column; forcing serves to
effectively shift the virtual origin of the jet upstream
and thus lead to increased entrainment and spread nearer
to the nozzle. Hasan and Hussain (1982) have also documented
the increased entrainment of excited jets and have emphas-
ized the importance of initial conditions.

Other important findings by Crow and Champagne were
that the fundamental and subharmonic together dominate the
first six jet diameters and then fall to zero and that the
Strouhal number, defined at the end of the potential core,
is associated with the remaining dominant vortex frequency
and thus this defines the preferred mode' of the jet.

Michalke and Fuchs (1975) performed a theoretical and
éiperimental investigation of the noise produced by the
mean flow turbulence interaction of a circular subsonic jet
(Reynolds number of about 4 x 105). They reported that the
large structures formed in the near field contributed to the
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far field jet noise and showed that axisymmetric wave-

like pressure components existed in jets. The scale of

the coherent structures A was found by Michalke and Fuchs
to be roughly proportional to the local width of the shear
layer, this fact was first emphasized by Laufer, Kaplan

and Chu (1974). Michalke and Fuchs also found the con-
vection velocity of the vortex structures to be Uc = O.65UO
or from Std = fd/UO, the scaling of A with d is given by
A/d = (U_/U)/St or A/d ~ St™T.

Yule (1978), Yule and Chigier (1979) and Chigier and
Yule (1979) reported on coherent structures in round jets
and in turbulent flames from round fuel nozzles. Yule
(1978) found, for an air jet over a range of Reynolds
numbers of 7.1 x 103 to 2.1 x 104, that the Strouhal number
increased with increase in Reynolds number; in all cases
Yule found the Strouhal number to be between 0.35 and 0.45
when defined at four diameters from the nozzle exit. The
spectra reported by Yule showed consistently that, within
the first six nozzle diameters, a fundametnal frequency
gave way to a subharmonic which defined a Strouhal number
Std ~ 0.3 by around six nozzle diameters.

Sreenivasan, Antonia and Britz (1979) observed in the
far field of a heated round jet well-defined patterns in
the turbulent signals at both moderate and high Reynolds
numbers. They associated the organised signal patterns
with well-defined flow patterns and the temperature fluc-
tuations, as represented by the signal rms intensity, were
analysed to be typical of a region of maximum production
of turbulent energy. Sreenivasan et al concluded that, in
spite of the limitations of single point measurements in
obtaining information about three-dimensional structures,
it was reasonably clear that large scale patterns or
excursions in turbulent signals arise when large scale
structures cross the measuring probe. They suggest that
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the large turbulent structures carries a significant part
of the Reynolds shear stress.

Chevray and Tutu (1978) used a heated round jet where
the temperature was a dynamically passive scalar and
reported that large scale turbulent motions were respon-
ible for the bulk momentum and heat transport; the same
conclusion was proposed by Mungal, Dimotakis and Broadwell
(1984). The investigations of Chevray and Tutu showed
that small scales are more efficient in transporting heat
than in transporting momentum.

As noted by Zaman and Hussain (1980) for a laminar
boundary layer at a jet exit, pairing of vortex rings is
stable and occurs regularly in space and time for Reynolds
numbers below 50000 but the pairing process becomes inter-
mittent with increasing Reynolds number or fluctuating
intensity in the initial boundary layer. Further dis-
cussions are given by Hussain and Zaman (1981) -and Hussain
(1983) where it is suggested that two length scales exist
in the near field of the round jet. The first is the sheax
layer thickness, 6, and the second the jet width. For an
unexcited, laminar axisymmetric shear layer, a natural
instability has been defined as 0.017 > Ste > 0.011 where
Ste = fe/UO. The value of Ste = 0.017 is associated with
what Hussain has termed a maximum amplification rate and
the value 0.0l1l1l with maximum amplification. It has also
been proposed by Hussain that the natural instability is a
result of some kind of "feedback" from downstream coherent
structures which are involved in triggering the instability.

Kalghatgi (1980) used a laser based technique to
investigate the vortex structures in the near field of air
and CO2 jets. He suggested that the heavier the jet fluid
was relative to ambient fluid, the nearer the convection
velocity Uc of the structures was to the jet exit velocity
U_ and that the asymptotic value of Uc was approached

(o}
closer to the nozzle exit in contrast to investigations
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where the density of jet and ambient fluid were the same.
Olsen and Wasserbauer (1980) considered the effects of
temperature on jet noise and found that increased temper-
ature resulted in a small decrease in sound level and
caused only a small shift in the spectra.

Sarohia and Massier (1980) investigated the effect
of density on noise radiated from subsonic jets and showed
that a direct role was played by density in the flow
development and radiated noise. Using helium and nitrogen,
they were able to interchange the role of density and
found that the centre flow displaced the annular mean
profile, was dependent on the centre flow momentum flux
on2 and that the entrainment of low density centre flow
was much greater than the high density centre flow. They
concluded that a denser gas leads to less noise and that
the directional pattern of radiated noise is dependent
on the density of the jet. From the work reported by
Kalghatgi (1980), Olsen and Wasserbauer (1980), Sarohia
and Massier (1980) and Hussain (1983) it is clear that the
many investigations of jets, their organised structures and
the influences of near field on the far field and vice versa,
have not established means to reduce noise from jets or to
control acoustic interactions. For instance, during the
initial launches of NASA's space shuttle Columbia, acoustic
feedback was monitored in the structural stability data of
the shuttle prior to lift-off and the cause was traced to a
standing acoustic wave resulting from the blast of the
rocket engines (highly turbulent jets) against the launch
pad. The practical solution was to reshape the launch pad
in a slight wedge and flow large amounts of water beneath
the rocket engines to result in incoherent wave patterns.

Literature dealing with control and understanding of
jet flows and noise includes, for example, Bradshaw et al (1964),
Schaffar (1979), Nelson et al (1981), Durbin (1983), Long
and Arndt (1984), Seiner and Yu (1984), McGowan and Larson



18

(1984) and Whitaker and Morrison (1984). These authors
have considered the turbulence characteristics, correl-
ation between centreline velocity fluctuations and far
field noise, the fluid dynamics of flow excited resonance,
aerodynamic noise in moving media (and from a spreading jet),
noise at low Reynolds numbers and high speed subsonic jets,
and acoustic near field properties. More basic results and
developments in control of jet mixing, noise reduction and
turbulence suppression have been reported by Hill and
Greene (1977) who discovered the "whistler nozzle", Hasan
et al (1984) who have used the whistler nozzle in attempts
to modify jet noise, Hussain and Hasan (1985) who have noted
reduction in jet noise by suppression of turbulence and
Zaman (1985) who has investigated far field noise similarly
to Hussain and Hasan (1985) and Kibens (1980).

The above review of organised flow characteristics in

steady jets can be summarized as follows:

Round jets have been shown to have a preferred mode
which is associated with frequences corresponding to
Strouhal numbers (Std = fd/Uo) of 0.3 to 0.65. By pref-
erred mode it is meant that, under the combined effects of
linear and non-linear dynamics, a maximum amplitude of u'/UO
results in the near field of the jet; u' is the rms of the
fluctuations in longitudinal velocity. The Strouhal number
range referred to has been shown to apply to both excited
and unexcited (i.e. natural) jets; provided in the case of
excited jets that the excitation amplitude is small. There
have been suggestions, however, that the natural preferred
mode of the jet can occur at higher Strouhal numbers and
Hasan and Hussain (1982) proposed that a condition for
stable vortex pairing near the jet exit was associated with
Std ~n 0, 85.

In many of the studies reviewed, excitation of the jet

has been carried out in order to isolate and enhance the
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preferred mode characteristics and thus simplify the study
of the flow structure. The effects of excitation on mean
flow are to increase the jet spread and the centreline
velocity decay rate (represented by an upstream shift in
virtual origin). The effects on entrainment rate require
further study.

The overall results indicate the initial entrainment
of irrotational surrounding fluid (Stewart, (1957)) into a
jet results from the shearing action of the moving jet
boundary and the consequence of this is a circumferential
vortex pattern formed about a distance of one nozzle
diameter from the exit plane. The vortex pattern remains
fairly axisymmetric and stable in the azimuthal direction
up to around three nozzle diameters where entanglement
degeneratés the symmetry and the chaotic form of turbulence
results by a distance of about six nozzle diameters. Even
when jets are excited to enhance the vortex formation, the
symmetry of the vortex structures is only maintained up to
about eight nozzle diameters away from the exit plane. The
formation of near field vortex structures is independent
of the exit shear-layer thickness. While it is likely that
initiation of the vortex structures, and their association
with shear layer growth, may stem from shear layer instab-
ilities (very steep velocity gradients), an exact
explanation of the mechanism is not yet available.
Much remains unanswered with respect to the role of
organised flow features in dominating the transport of
heat, mass and momentum; only a limited number of experi-
ments have noted the importance of organised:istructures in
global transport and this has been in developed flow regions,
Chevray and Tutu (1978), Sreenivasan et al (1979) and
Mungal, Dimotakis and Broadwell (1984). Of more importance,
however, is the lack of evidence to support the extension
of findings in constant density jets to jets with sub-
stantial density differences. Way and Libby (1971) appear
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as the only ones to report spectra for such a case (a pure
helium jet discharging into air) but their measurements
were made at low Reynolds number (3300) and at centreline
locations towards the developed flow regions.

An appropriate remark concerning organised (coherent)
flow structures appears to be that care should be taken
with the interpretation of signals and statistics which
show systematic features or regularity in form as they may
or may not be physically significant. Thus the study of
organised flow characteristics should follow with careful

physical insight.

1.2.3 Transient jets

There have been fewer investigations of transient jets
due in part to experimental difficulties. Transient (i.e.
impulsively started) jets have received attention in con-
nection with the fuel injection process in engines and gas
ejectors. There have also been some fundamental studies
but these have emphasized the modelling of start-up flow
behaviour, Turner (1963). In the remainder of this sub-
section, review is made of the averaged flow and that of
the time dependent characteristics of transient jets;
generally, round jets are considered.

Hopkins and Robertson (1967) presented experimental
and analytical results for the penetration of steady and
unsteady ligquid jets with equal and unequal densities to
that of the ambient. The results showed that for the
steady state penetration process (that is, the time after
which the jet forgets its transient start-up), the jet
velocity is much greater than the opposing stﬂ§m1velocﬁqrand,
with unsteady penetra%ion tﬁe.veiocity 6prenetration is less than one-
half the jet velocity. Turner (1962) notes similar cbservations for the
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starting plume. Hopkins and Robertson showed that the
effects of different jet and ambient density could be
accounted for by the square root of the density ratio and
this is equivalent to scaling of the jet velocity with
momentum, as in steady jets.

Phillips (1972) reported on the ignition of transient
gas jets and showed high speed Schlieren photographs of
the transient jet process for ignited methane jets. It is
interesting to note the similarity of the near field vortex
structures to those reported for steady jets and, by com-
parison to Phillips' results of non-ignited jets (where the
density is greater than in the ignited jets), the increase
in radial growth and slower penetration. Tanabe et al
(1982) presented results for the impulsively started hydro-
gen jet and found that the penetration of the jet tip was
defined by x(t) = At%, where A was determiﬁed to be a
function of the injection pressure. Their study appears to
be one of the first to attempt measurements of instantaneous
gas concentration and mean and rms of concentration in a
transient jet. The conclusions of Tanabe et al were that
the time-averaged concentration distributions in a trans-
ient jet were similar to those in a steady jet and that the
initial growth and spread were greater.

Abramovich and Solan (1973) studied the initial
development of transient laminar jets (80 < Re < 500) and
their results show similar differences in velocity
between the advancing front and steady jet as observed by
Hopkins and Robertson (1967). Abramovich and Solan also
proposed a universal scaling of the time and distance co-
ordinates and this was discussed extensively by Kuo (1982),
Kuo and Bracco (1982) and Kuo, Syed and Bracco (1986) who
have additionally proposed a "universal curve" for the
penetration characteristices of transient jets.

Studies involving transient gas jets from single and A
multiple nozzles have been reported by Ginzburg and
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Ugryumov (1975). The effects of density on supersonic
transient gas jets have been reported by Naboko et al

(1977) and they showed that increasing the jet density
results in an increase in penetration rate (using co-
ordinates for time and distance which account for the
density differences through the square root of density ratio)
and that penetration distance scaled with time as x = Bt%.
Naboko et al also presented plots of the density distribu-

tions in their non-stationary rarefied Ar and N., jets which

show similar agreement to the characteristics o% steady
jets; as similarly noted by Tanabe et al (1982) with their
hydrogen concentration measurements. Skibenko et al (1976)
studied pulsed supersonic gas jets and showed radial dis-
tributions of mean density were also similar to those of
steady jeﬁs (i.e. nearly Gaussian); their investigations were
motivated by the need to develop a pulsed gas dynamic source
of neutral particles for application in experiments of
plasma physics; see also Musinski (1982) and Topham et al
(1984).

Witze (1980) and Tanaka (1984) have considered the
velocity and penetration characteristics of turbulent air-
into-air jets. Witze has discussed the problems of measure-
ments in transient jets and proposed that it was justified
to treat transient jets as quasi-steady; that is, that after
the initial transient of an impulsively started jet, the
flow properties can be ensembled as in a steady jet. One of
the most important findings of Witze (1980) was the defini-
tion of a jet time constant Tj which he defined as the ratio
of nozzle radius to exit jet velocity and showed that Tj
could uniquely characterize the behaviour and similarity of
impulsively started incompressible jets. Bremhorst and
Harch (1980) investigated the near field of transient air
jets and established that similarity in radial mean and rms
velocity existed for transient jets as in steady jets. From
their studies, and those of Binder and Favre-Marinet (1973),

Platzer, Simmons and Bremhorst (1978), Bremhorst and Harch
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(1978), Favre-Marinet, Binder and Hac (1981) and Parikh
and Moffat (1982), it is evident that faster entrainment
and increased mixing rates result for transient jets over
steady jets in the near field which thus leads to faster
spread and mixing. Parikh and Moffat reported a similar
vortex structure at the jet exit as found in steady jets
when their jet was pulsed at a resonant frequency.

Transient jet behaviour is characteristic of the
liquid fuel injection process as found in reciprocating
engines and studies have been made to understand the jet
tip penetration characteristics and with some analogies
drawn to steady and transient gas jets, see, for example,
Wakuri et al (1960), Dent (1971), Melton (1971), Hay and
Jones (1972) and Yule et al (1985).

Similar investigations of noise from transient jets
have been carried out as in steady jets and with examina-
tion of the spectral characteristics showing higher energy
levels for the transient jets. One of the interesting
findings is that the noise produced by a pulsed jet is com-
posed of high frequency broad-band noise and low frequency
tones at the pulse frequency and its harmonics. These
findings, and similar problems of instability,as discussed
for steady jets, have been reported by Anderson and Williams
(1968), Middleton (1970), Hoggarth and Jones (1973),
Bremhorst and Harch (1974), Hooker et al (1974) and Hooker
(1981).

As is evident from the review of the transient jets,
they have many characteristics similar to those of steady
jets, particularly the characteristics of similarity in mean
and rms profiles. One of the greater differences between
steady and transient jets is the increased rate of spread
and mixing which results for the transient jets. While the
investigations which have been reported indicate many simi-~-
larities inclusive of observed vortex formation at the exit

plane, detailed measurements remain to be made to system-
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atically consider the effects of jet density, initial con-
ditions as result from nozzle geometry, and the interaction
of ambient conditions on the consequent jet flow develop-
ment, for instance: swirl, co-flowing streams, confinement
etc.

1.3 PRESENT CONTRIBUTION

As was made clear in the last section, experimental
work is needed to extend knowledge of turbulent mixing of
uniform to non-uniform density shear flows; round jets offer
a particularly attractive environment for such studies since
they encompass features and scales typical of complex shear
flows. The fundamental importance and nature of jet flows
continues to be established but their application in prac-
tical environments requires understanding of the effects of
the ambient environment on the jet; in-situ investigations
are thus necessary. One important area is in internal com-
bustion engines where there are complex interactions of
many variables and further understanding is required of the
mixing of a fuel jet with in-cylinder air prior to com-
bustion. The number of experimental studies involving jet
flows with substantial density differences has been few and
no detailed studies of the velocity and concentration fields
of the near field of variable density jets have been made
for either steady or transient jets.

The contribution of this thesis is to the understanding
of the steady jet flows which result from round nozzles dis-
charging into still ambient air and the unsteady jet flows in
the simulated pre-combustion air motion in reciprocating engines.
The emphasis is on the near field flow and on the effects of uni-

form and non-uniform density jet fluid on the consequent mixing, spread-
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ng, organised flow characteristics and scaling of the jet.

Measurement techniques have been developed to improve
measurement accuracy and to allow measurements which would
not otherwise have been possible. The techniques include
laser Rayleigh scattering, laser velocimetry and photodiode
arrays, which have Jmm permitted non-intrusive measurements
of concentration and velocity fields and of transient jet

tip penetration characteristics.

1.4 OUTLINE OF THESIS

The work of the thesis is presented in the following
six chapters. 1In Chapter 2 a laser Rayleigh scattering
system is reported along with developments to signal analysis.
Chapter 3 presents and discusses measurements of averaged
quantities of velocity and concentration, and their spectrum,
in the near field of round gas jets of uniform and non-
uniform density. Chapter 4 and 5 report similar information
for transient gas jets discharging into simulated conditions
of the in-cylinder air in a reciprocating engine. The studies
in Chapters 4 and 5 use a non-compressing and compressing
model Diesel engine, respectively. Chapter 6 presents and
discusses measurements of the tip penetration of transient
gas jets with non-uniform density and discharging into still
air and the scaling of the penetration characteristics is
considered. Chapter 7 summarizes the more important con-
clusions.
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CHAPTER 2 A LASER RAYLEIGH SCATTERING SYSTEM

2.1 INTRODUCTION

The basic principles of Rayleigh scattering are considered
in detail by Fabelinskii (1968), Kerker (1969), van de Hulst
(1981) and Barron (1982). These authors discuss the funda-
mental theory proposed by Lord Rayleigh (1871) as to the light
scattering from small particles and subsequently proposed by
Rayleigh (1899), from molecules. Tyndall (1869), with aero-
sols and smogs, attempted for some time to deal with the
question which motivated development of Rayleigh's theory
(1871) in order to answer: why is the sky blue? Rayleigh
proposed a simple explanation based on a single dipole electro-
static model and showed that the scattered light intensity Is
from small particles was proportional to the incident light
intensity io and inversely proportional to the fourth power
of the incident light wavelength, A; thus, the often quoted
law of Isa l/A4. Dimensional arguments show that the scattered
light is also proportional to the square of the scatterer
volume or that, if a characteristic length (say a diameter, d)
is considered, the further relationship of proportionality to
the sixth-power of scatterer size is estaBlished, or
IsaIOds/A4.

Rayleigh's theory is valid so long as the incident light
wavelength is much greater than a characteristic size of the
scatter particles (i.e. A>>d). As reported, for example, by
Kerker (1969), a requirement thoroughly investigated for the
validity of Rayleigh's theory is the criterion between size
and wavelength d/2 < 0.05 . There is also an absolute minimum
limit for Rayleigh scattering and this corresponds to density
fluctuations in thermal equilibrium. Brillouin and Raman
scattering losses tend to become negligible as the absolute
minimum of Rayleigh scattering is approached and an account of
these effects is given by Landau and Lifshitz (1960). As
noted by Pitz et al (1976), Robben (1976) and Pitts and
Kashiwagi (1984) and discussed by, for example, Fabelinskii

(1968) and Barron (1982), radiation scattered by gas molecules
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is spectrally broadened due to molecular translational

motion and an evaluation of this broadening (assuming trans-
lation equilibrium) can be used to derive temperature inform-
ation in turbulent flows but this will be bounded by the
minimum limit for Rayleigh scattering.

For linearly polarized incident light, the scattered
light at 90° to the plane of polarization remains polarized
and is 94% elastic (i.e. 94% unchanged in incident fregqu-
ency) and not as sometimes suggested in the literature that
Rayleigh scattering is the elastic scattering of light (i.e.
no shift in frequency). While many experimental investigations
to prove the validity of Rayleigh's theory were carried out,
in particular during the 1960's with the advent of lasers%*,
its first application to a turbulent mixing problem appears to
have been made by Graham, Grant and Jones (1974) who studied
a turbulent, methane jet diffusion flame. The work of
Robben (1976) assessed the feasability of using laser induced
Rayleigh light scattering to study flows at turbulent frequ-
encies up to 104. Pitts and Kashiwagi (1984) have reviewed
the subsequent technological developments.

Table 2.1 gives a summary of basic and applied work
involving Rayleigh scattering and other optical methods for
measurement of scalar quantities; the emphasis is on the
study of turbulent flows. The work of Becker (1976) provides
the most rigorous assessment of the problems of light scatter
experiments. Becker's work addresses the important problems
of noise, optical interference and signal interpretation and,
in particular, the statistical deconvolution of problems of
electronic and optical noise. To date the work of Pitts and

Kashiwagi (1984) has provided the most complete assessment

* George et al (1964) were the first to report measurements
on the angular dependence of Rayleigh scattering using a
laser. The results showed anomalous effects with
respect to the theory. These were later confirmed by
Watson and Claxk (1965), however, to have been due to
experimental difficulties; see also Rudder and Bach
(1968)
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of the application of laser Rayleigh scattering to the study
of mixing in turbulent, isothermal flows.

As shown by the summary of Table 2.1, the development
of optical probes has made possible the non-intrusive
measurement of important scalar quantities such as instant-
aneous values of species concentration, temperature and
density and their statistical characteristics in a variety
of isothermal and combusting flows. In practice, however,
all fhe techniques have limitations which can restrict their
application and accuracy and these are associated with signal
strength, purity and cleanliness of the flow field and con-
siderations of temporal and spatial resolution.

As is well known, one of the major drawbacks of laser
Rayleigh scattering (LRS) is the errors which can result
in the interpretation of signals when particles greater than
a given size occur in the measurement volume and the problem
has been discussed by Graham (1979), Dibble et al (1981),
Takagi et al (1982), Leipertz (1982) and Arcoumanis et al
(1984). As a result of particle scatter interference, the
application of LRS has been restricted to flows with clean..
coflowing streams or to confined flows where the intake gases
can be filtered and, even under these conditions, the particle
presence cannot be eliminated. The problem of particle-
scatter interference can arise with particles larger than
about 0.05) in the observation volume, where A is the incident
beam wavelength. In free, coflowing and confiend flows,
arbitrary numbers of particles exist that meet this criterion
and their detection in the LRS signal will depend on their
trajectory through the Gaussian beam intensity. In complex
flows, such as free reacting and non-reacting jets and as
found in combustor rigs and internal combustion engines,
reduction in the number of particles is less easily accom-
plished and difficulties resulting in LRS measurements require

the use of methods such as those described here.
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It is interesting to note that the recent work by
Haumann and Leipertz (1984) suggests that Mie (particle-
scattering) contributions will be characterized by frequencies
"substantially higher" than those corresponding to the mole-
cular (Rayleigh) scatter. These authors have used a form of
Rayleigh scattering photon correlation and their conjecture
of the frequency characteristics is not generally applicable.

In the present Chapter, interest is in the signal process-
ing problem associated with particle-scatter interference in
the LRS signals and its removal by direct digital filtering
techniques without the added efforts of correlation techniques.
Two simple yet effective methods of digital filtering are
presented and the results discussed with reference to measure-
ments in a free turbulent jet. The design of any filter
requires that a critical assessment be made of its purpose and
function. Discussions as found, for instance, in the work of
Piersol (1971), Otnes and Enochson (1978) and Chatfield
(1984), should make clear the many difficulties which can arise.
Most important is that the choice or design of any filtering
operation should, with minimal bias, aim to achieve a practical
solution to a specific problem; it is not possible to con-
jecture, therefore, that any one attribute of a problem or
solution will be by itself complete. The specific problem
here is differentiating between signals due to laser light
scattered from molecules and that from particles.

In the following section, the experimental system and
measurement objectives are described. The third section des-
cribes signal detection criteria and the digital filters dev-
eloped along with their application and a fourth section
presents and discusses typical results. Concluding remarks

are made in the final section.
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2.2 EXPERIMENTAL SYSTEM AND MEASUREMENT CONSIDERATIONS

2.2.1 Measurements

The measurements to be reported in Chapters 3, 4, 5 and
6 include ensembled averaged and instantaneous species con-
centrations as detected in binary gas mixtures using LRS.
The LRS system used to achieve the measurements is discussed
in detail below and instrumentation arrangements have been
made to permit measurements in steady and unsteady gas jets
discharging into quiescent atmospheric air and for unsteady
gas jets discharging into conditions of the compressed air in
the cylinder of a model Diesel engine. The three parameters
which will influence measured LRS signals are: species con-
centration, the ambient pressure and the ambient temperature.
The general relationship between these parameters and the
detected scattered light intensities (see, for example,

Graham et al (1974)) is given by

where K is an experimental constant, P and T the absolute
pressure and temperature, Xi the mole fraction of the ith
species and o5 the respective Rayleigh scattering cross-
sections. The equation for the scattered light intensity IS
is considered in detail in Appendix A with explicit form
given for the different measurement conditions and the com-
putation of the quantities of mean concentration, variance,
skewness and kurtosis. In the present chapter, the scattered
light intensities result from measurements made in an iso-
thermal, binary mixture formed by a steady turbulent jet of
Freon-12 vapour (Reynolds number of 16900) issuing into room
air; the jet and flow configuration (and fluid mechanics)
are described in detail in the next chapter. The interest in

the present chapter is, as noted, with the removal of particle
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scatter interference from the LRS signals. The problems of
photon statistics as discussed by Pike (1969) and those of
photomultiplier noise as discussed by Robben (1971, 1976)
and Becker (1976) are dealt with here in the same manner as
reported by Pitts and Kashiwagi (1984) and as presented in
Appendix A.

The LRS results obtained in the Freon jet are compared
with the mean Freon mole fraction distributions additionally
obtained with a gas sampling probe under isokinetic conditions
and used in the manner described by Crabb and Whitelaw (1979),
and others, with an uncertainty in the exit plane of the_jet
of v1.5%. The mean mole fraction results X are compared for
the unfiltered LRS signal, the filtered signal based on ampli-
tude criteria (Arcoumanis et al (1984)) and the new methods
reported in Section 2.3 below. The time-averaged rms values
of the concentration fluctuations X' determined by the optical
probe for both filtered and unfiltered signals are also com-
pared. We note that an absolute comparison of mean values
obtained with the LRS and those by the sampling probe is not
strictly valid since, even under isokinetic conditions the
probe results tend toward a density weighted average, i.e.
<p@>/<p> # <@>, where @ is an instantaneous scalar property;
in contrast, the optical probe detetts the volume time-average
<@>. An assessment of the differences between results of -the pdf
from the probe and optical method indicates differences up to
10% = of unity, but proper selection of sampling probe size and
a suction rate close to isokinetic can reduce the differences
between <p@>/<p> and <@> to around 2% of unity.*

2.2.2 Optical and signal processing systems

A diagram of the LRS system optical arrangement and
signal instrumentation is shown in Figure 2.l1. An argon-ion
laser (Spectra-Physics 164-06) was operated at either 488.0

* Note that the 2% is not a generalization, but is applicable to
the results here. There are cases where (for instance, in a
premixed flame) <p@>=1.5<p><@> as can result from use of diff-
erent measurement techniques. Attempts must therefore be made
to obtain a true time-average before comparing to LRS results.
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or 514.5nm and over a range of power between 0.5 and 1.0W;
for the results of this chapter the laser was operated at
514.5nm and 0.7W. The laser provides a vertically polarized
beam with an exit diameter of around 1l.5mm. The beam was
first expanded to 4.5mm using a 3x beam expander (Spectra
Physics) and passed through a half-wave retardation plate
(Ealing, 33-3211), to rotate the plane of polarization to
horizontal, and focused to a beam waist diameter of about
100pym over a length of 1lmm with a 200mm focal length lens
(Ll). The laser beam after propagating through the flow is
dumped into a light trap. The scattered light was collected
with a 300mm focal length lens (Lz) over a solid angle of
0.071 sr and at 90 degrees relative to the observation volume
and plane of polarization. The collected light was passed
through a rectangular slit arrangement (lmm x O.lmm) at the
entrance to the photomultiplier (EMI 9816B having an S20
cathode and operated at 1400VDC); the dimensiong of the slit
3 based on the half
intensity diameter of the incident beam; the O0.lmm slit

defined an observation volume of 0O.005mm

dimension was parallel with the beam. Prior to entering the
photomultiplier (PM) the collected light was optically
filtered by a 10nm interference filter (Melles Griot) centred
at the incident wavelength with indicated maximum opticel
transmission by the supplier of 63%. The filtered light was
focused with a 25.4mm diameter lens (L3) through a 500um
pinhole. The power supply for the PM was a Brandenburg model
2475R. The anode current was converted to a voltage with a

1 MQ high precision resistor and input to a variable band-
pass filter (Krohn-Hite model 3200); the typical cut-off
frequency range used was 2KHz to 5KHz. Output from the
filter was input to be visualized into an oscilloscope. The
signal was then amplified and digitized at a rate of 30KHz
and sampled at a variable frequency (26KHz max) by a micro-
computer. Sources of error and uncertainty are discussed in
Appendix A and problems associated with optical interference

in Appendix B.
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2.3 SIGNAL CHARACTERISTICS AND FILTERING

2.3.1 Characteristics and detection criteria

Figure 2.2 shows typical light scatter intensity dis-
tributions, obtained in digital form, at two near field loc-
actions in a turbulent jet; one is towards the shear layer
(Figure 2.2(a)) and one in the inner region associated with
large scale structures (Figure 2.2(b)). The random arrival of
particles can readily be seen as indicated by the cases when
the amplitude of signals clearly exceed full scale. Particle
presence, however, can also be observed for cases with ampli-
tude comparable to the molecular scatter (see also Arcoumanis
et al (1984)). Detailed photographic studies of the photo-
multiplier output as visualized on an oscilloscope, have been
used in the present work and combined with digital results
such as those of Figure 2.2 to identify further relevant
signal criteria. Typical traces of signal output visualized
on an oscilloscope are shown on Figure 2.3.

For isothermal gas mixtures, only one criterion is
absolute and sufficient to infer particle-scatter (or other

sources) being present in the LRS signal and that is:

(i) a scatter intensity is due to sources other than
scattering from gas molecules when its amplitude exceeds the
maximum amplitude determined for the scattering from the gas
in the mixture with the largest Rayleigh scattering cross-

section.

Thig can be éstablished by caiibrating the scatter
intensity from each single gas. In contrast, for those cases
when Rayleigh scattering is used for temperature measurements,
the maximum would be associated with total mixture scattering
at the lowest temperature (usually ambient).

Two weaker criteria can be inferred by the results of

Figure 2.2 and these are:
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(ii) the initial rise in signal amplitude appears
greater for particle-scatter than for the molecular scatter,
and

(iii) the subsequent rate of fall in amplitude 4s also
greater but the time of return of the signal to the molecular
scatter level will be dependent on the finite recovery time
for the photomultiplier as well as the particle transit time.

From (iii), frequency criteria cannot be employed as the
only basis for detecting particle scatter since, as shown by
Figure 2.2, the characteristic times for the Rayleigh scatter-
ing can be less than, equal to or greater than those character-
istic of the particle signals and clearly the SNR will further
affect these results. The most difficult problem arises when
the particie scatter amplitude tends toward the same level as
results from the molecular fluctuating intensities and it is
with this problem that particular interest lies (Figure 2.2(b)).

Particle-scatter detection in the measured photomultiplier
output is dependent on the particle trajectory through the
focused beam. Since the beam intensity distribution for laser
light is Gaussian, partial beam crossing by particles
sufficiently far from the beam centreline will go undetected
but, when particles are sufficiently close to the beam centre-
line, some or all of the above criteria may be satisfied to an
extent which will depend on particle size. For further
details the reader is referred to the papers of Chew, Kerker
and Cooke (1977(a), (b)) where an attempt has been made to
deal theoretically with this optical detection problem. We
note further that aspects of particle dynamics and optical
detection are relevant to the present work, as discussed by
Saffman (1962), Kerker (1969), Snyder and Lumley (1971),

George and Lumley (1973), Melling and Whitelaw (1975), Becker
(1976), Shaughnessy and Morton (1977), Nir and Pismen (1978),
van de Hulst (1981) and Durst (1982). These authors have

considered the various problems of particle motion in gases
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and the detection of size, distribution and concentration; in
particular the problem of random particle entrainment and size
relative to the flow dynamics and optical detection. It is
important to note that size range cannot be discriminatd by
the filters described below, but only characteristics of the
signals with attributes as described by the criteria (i), (ii)
and (iii) above.

2.3.2 Filtering

2.3.2.1 Amplitude filtering

In the work of Arcoumanis et al (1984) a filter based on
amplitude was described. This filter, defined by

I = aI(t) (2.1)

where I(t) is the instantaneous detected scatter intensity and
0 a parameter equal to zero or unity, was used to minimize the
contributions of particle-scattering in the LRS signal. 1In
practice, the LRS signals obtained for a measurement
location, were processed on-line in order to establish if

the amplitude of any of the signals is greater than a pre-
determined threshold. When a signal in a particular series
being checkedwas found to exceed the threshold, it was rejected
from the series (a=0) and the assumption made that a symmetric
number of the detected intensities immediately béfore

and after the one found to exceed the threshold were also
associated with the particle signal. The selection of a =
threshold amplitude and number of signal values associated
with particle-scatter were made a priori and follow from a
best estimate basis arrived at by examining a sample

of the digitized photomultiplier output. (Figure 2.2
illustrates typical designations of threshold and particle
time scales, Tp, used to apply the filter).
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For example, a maximum amplitude for the molecular scatter
intensities at a given measurement location was estimated by
visually examining the digitized photomultiplier output and
thus it is supposed that scatter intensities detected above
the visually determined maximum are due to contributions from
sources other than molecular scatter. The estimate of the
symmetric number of detected intensities associated with
particle signal was arrived at in the same way and kept-constant
once established for the particular meaéurement location.
As noted by Arcoumanis et al (1984), detected intensities
associated with what appeared to be particle-scatter may be
below the selected threshold, and . were not removed by the
filter and an estimate of the mean uncertainty was reported to
be around 10% of unity for measurements toward the edges of
their fuel jet where particle entrainment was expected to be
greatest. A further assessment of this filter is given below.
Mean and rms values of the mole fraction concentration in
the free jet of Freon issuing intc room air are shown in
Figure 2.4 and were obtained with this filter. Values of mean
concentration obtained from a sampling probe are also shown on
the figure together with those defined by the unfiltered LRS
signal and the amplitude filtered signal. The rms of the
concentration fluctuations based on the amplitude filtered LRS
signal may also be compared with that obtained from the ©
unfiltered signal. The mean values are up to 20% of unity
higher than the probe measurements when filtering was not used
and about 10% higher when it was. The rms values indicate that
the unfiltered signal has absolute values between 3% and 7%
higher than the filtered signal, depending on the radial
location of the jet. It can be expected that the rms of the
amplitude filtered signal will be higher than it should be when
particle~scatter contributions remain embedded in the LRS

signal (for example Figure 2.2 (b)).
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2.3.2.2 1Initial rise filter

The filter described in this section makes use of the
rapid rise time observed for particle signals. This initial
rise filter was developed on the basis of the average slope
characteristics of the signal.

The average slope for a trace of digitized signal xi
representative at each flow location where a measurement is
made is computed and then used to define a filter. For a
constant sampling time interval At, the magnitude of the
average slope for N signal values is defined by

As = 1/N ¢ [X, ., - X,

i+l ;0 » i=1 to N-1 (2.2)

In addition, a parameter ¢ is then defined by

€ = eoAs , e, >0 (2.3)
where the choice for €q determines the frequency character-
istics of the filter.Figure 2.5 demonstrates the use of the
filter for the case of eO=O. As shown by the figure, when an
interval defining two minima and a maximum is found, the two
quantities AXl and sz,as defined on the figure, are cal-
culated. The calculation is made for all min-max-min sections
of the time series formed by the scatter intensities X(t).
If the condition is such that 6.ij > As, for j=1,2, and
where 6 is chosen to define the tolerance of deviation for
ij from the average slope As, the signal values defined by
either interval mAt or (n-m)At are rejected. Usually 6
is set constant throughout the filtering of the signal and
we have found that the value for § tends to remain in the
interval 0.8<8<1.2 over a large variety of differing signal
characteristics, i.e. signals associated with both large and
small variance.

Use of the parameter € is demonstrated by Figure 2.6, As

the signal record is scanned with a forward marching algorithm,
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a change in the sign of the relative quantity Ar==Xi+l - Xi
from negative to positive indicates a rise of the signal.
When Ar>0, comparison of the magnitude of |Ar| with e is
made. For |Ar|<e, the algorithm searches for Ar>0 and
continues its forward march until Ar>e. The larger the chosen
value of € the greater nAt becomes. When the number nAt has
been found, and since the maximum value of X(t) over this
interval has been kept track off, the min-max-min slopes
G.ij are evaluated and compared with acceptance criteria. If
satisfactory, a subroutine determines if any signal values in
the interval nAt do not satisfy the conditiontﬁGi whiﬁh is

i i and

related to the relative changes between the i -1,
ith+l signal amplitudes and to initial rise characteristics
and rms noise. A relative measure of the noise is given by
(28£, /N)® (or 1/(SNR)) as defined in section 2.2.

The values of the relative changes around a centred
scatter intensity X define a result for X;,_; and X, 4 to be
within AGi = (liB)Xi. The value of B is optimized and is
sensitive to the bandpass frequency, Afco; the value for B
is defined in a range .03<B<.06 for the flow conditions of the
present investigation and those as reported by Arcoumanis et
al (1984), for example, and with testing of the filter on
results obtained using cut-off frequencies (Afco) over a range
between 2KHz (B8=.03) and 5KHz (B=~.06). Particle scatter
intensities with amplitude less than the maximum of the
interval nAt are detected by the above algorithm since it is
associated with initial rise sensitivity as determined by a
measure of the average signal slope.

The initial rise filter is sensitive to the choice of
€o and 8, and requires optimization of a parameter, B. For
EO=O, the filter acts as a high frequency cut-off since all
intervals defining a minimum, maximum and minimum are tested
for the average slope criterion given by equation 2.2. 1In
practice, signal values with amplitude greater than the maxi-
mum calibrated for the pure gas having the largest Rayleigh

scattering cross-section are removed prior to executing the
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filter, the average slope for an arbitrary percent of signal
values is computed and the values for €5 and B are set to
about 0.25 and 0.06, respectively, with § usually equal to
unity. The filtering algorithm is efficiently implemented

with a microprocessor for rapid post signal processing.

2.3.2.3 Transient filter

This final filter aims to take direct advantage of the
transient characteristics of particle-scatter. As indicated
from results such as those of Figures 2.2 and 2.3, the particle-
- scatter is observed to be an abrupt transient which can become
arbitrarily present in the more (overall) slowly varying
molecular light scatter distribution. This interpretation
suggests as one natural choice the use of a forward difference
filter for purpopses of emphasizing the particle scatter
effect; removing the particle scatter contribution from the
signal once emphasized is a separate problem and many standard
algorithms may be used (eg. Otnes and Enochson (1978)).

Difference filters are well known in time-series analysis
ard provide an effective method for transient removals. The details

are considered, for instance, in Jenkins and Watts (1969) and

Box and Jenkins (1971). The general form for the nth forward
difference of a series is given by
A"g (x) = £(x+nt) - nf(x+(n-1)t)
+ E—(Ezl-g-l-)—f(x+(n-2)t)
- 2= 02 ¢ (x4 (n-3) £)
n
+ ...+ (F1)TE(x) (2.4)

The filter gain and phaseifunction for the forward

difference of nth order are given by
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G(£f) = 2%|sinnf|®, -1/2At ¢ £ < 1/24At (2.5)

nrf + nn/2 , <-1/2At ¢ £ < O

@(£)

(2.6)

ntf - nn/2 , 0 £ < 1/2At

which indicate the amplification and phase shift of the ith
signal; the gain is maximum at the frequency 1/2At. The
frequency response is G(f)exp(j@(f)) ; here j = /-1.

Results at various flow locations in the jet are shown in
Figure 2.7 for n = 1, 2, 3, 4 and indicate several interesting
features. Scattered light intensities are amplified in the
differenced LRS light intensity distributions. The filter is
high pass and the order n for the filter is the sensitive
parameter and it can be chosen to bring out the required
information. 1In practice we have found the choice for n=1 or
2 to provide sufficient sensitivity. Increasing the value
for n results in attenuation of the low frequency components
of the signal and is demonstrated by the computed frequency
spectra shown in Figure 2.8.

When criteria such as (ii) and (iii) discussed in section
2.3.1 are satisfied by particle-scatter, the expected (and
desired) result of using the filtering operation of equation
(2.4) is: greater amplification 0of particle-scatter over the
molecular scatter (Figure 2.7), Constantinides (1985). 1In
contrast, when particle scatter is not present (for instance,
Figure 2.7(a)) or not clearly detected (see discussion in
section 2.3.1), the computed difference between consecutive
signal amplitudes will not be significantly different and thus
the differencing operations (2.4) will tend to show similar
trends in the results for any value of n. Because the detected

intensity is dependent on the particle size and its trajectory
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through the Gaussian beam intensity, particles may give rise
to particle-scatter signals which are not identifiable by any
filter; +the most difficult case results when particles are
very small and cross at large distances from the beam centre,
although still present in the measurement control volume (see
Chew, Kerker and Cooke (1977a,b)).

As noted, the choice for n=1 or 2 provides in most
instances sufficient sensitivity for the further aspect of
removing the emphasized particle signal from the original
signal record. For n=1l, the filter is simply the first
difference

Y(t) = X(t+l) - X(t) (2.7)

which removes the low frequency characteristics of signal
record X(t) (for example, such as those of Figuer 2.2(b)).

The frequency response is

H(f) = 2jexp(-jWEf)sinmf, -1/24t < £ < 1/2At (2.8)

For the case n=2, the second forward difference results and is
given by

Y(t) = X(t+2) - 2X(t+l) + X (t) (2.9)

The usefulness of this filter is in removal of oscillating
components from X(t) (i.e. Figures 2.2(a) and 2.7(b)). As
shown in Figure 2.7, the particle effects are highlighted by
including their characteristics over a complete cycle (doublet
features at n=1,3...) of the particle-scatter time.

We note that further to the present methods, a signal
modelling approach may be taken using autoregressive and mov-
ing average techniques (see Box and Jenkins (1971) and
Chatfield (1984)) to identify particle-scatter in the LRS
signals. For example, the work described by Rahimi and Mote

(1983) makes use of a generalised approach to model a dynamic
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signal spectrum which is convenient to use provided the
frequency spacing of the particle-scatter and Rayleigh scatter
is sufficiently large; even though this assumption is not
always valid, we have used the spectrum modelling described by
these authors and found it able to provide a further way to
emphasize the presence of the particle signals. It is also
interesting to note the analogy between the present problem-
of signal detection and frequency-modulated carrier-wave
radars (FMCW) where the presence of hidden targets has to be
detected in the return signal; many of the detection aspects

are similar as described, for example, by Carr et al (1981).

2.4 RESULTS AND DISCUSSION

Results obtained with the digital filters discussed in
sections 2.3.2.2 and 2.3.2.3 are presented in Figures 2.9 and
2.10; a detailed discussion of the fluid mechanics of these
jet results is made in the following chapter. In Figure 2.9
the radial profile of Figure 2.4 is shown, together with the
mean concentration results obtained with a sampling probe.
The standard deviation between the two results is about 1.5%
and is, in part, due to density weighting effects which, in
the case of the sampling probe, result in slightly lower
values. The rms of the concentration fluctuations is also
shown and comparison between the unfiltered data, that
filtered by the amplitude only filter (2.1) and the present
digitally filtered results indicates that the amplitude
filter overestimates the rms of the concentration by about 3%
to 7% of the absolute values although the relative trend in
the rms distribution is similar. Figure 2.10 shows mean and
rms distributions for the same jet at a further location down-
stream (x/d=5). Again, the rms is higher with the unfiltered
approach and the larger discrepancies are expected due to the
increased mixing of the jet fluid with the surroundings and

the consequent entrainment of particles. Agreement in the
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mean concentration betweem the digitally filtered LRS data
and sampling probe results remains within a standard deviation
of 1.5%

In Figures 2.9 and 2.10 the results shown for the digital
filters are similarly obtained with either the use of the
initial rise filter (section 2.3.2.2) or the transient filter
(section 2.3.2.3). When the initial rise filter is used, a
larger percentage of data may be rejected than when the tran-
sient filter is used and the extent of the difference depends
on the number density of particulate matter entrained (which
is random). The statistical accuracy of the data is maintained
by the number of data required for calculating the quantities
of interest; a summary of typical values of rejection percent
of signals is provided in Table 2.2.

2.5 CONCLUSIONS

The digitally filtered LRS data appears to circumvent the
particle-scatter interference problem to a degree which is
much improved over no filtering or filtering based only on
amplitude criteria; frequency as a single criterion is not
generally valid. The choice of filter scheme and justific-
ation for its use is clearly dependent on the LRS application
under consideration and the required accuracy. In particular,
it is clear that accurate measurements (uncertainty within 2%
of unity in the mean) can be made in free flows with LRS but
will require that a signal filtering approach be taken. It
is concluded that even when particles are present in the
measurement control volume, differentiating their scatter
intensity from molecular scatter intensities will in some
instances not be possible at all; in particular, when particles
range in sizes sufficiently small or result in partial beam
crossing at distances from the beam centre which, even for
larger size particles, can result in light scatter intensities
that are similar to the molecular scatter amplitudes.



Table 2.1 Summary of optical probe developments and application to the study
of turbulent mixing

Author (s) (year)

Rosenweig, Hottel and
Williams (1961)

Williams, Hottel and
Gurnitz (1966)

Becker, Hottel and
Williams (1967 (a), (b))

Wilson and Damkevala
(1970)

Flow/Application

Smoky (oil/air) 12.52mm
free jet discharging into
ambient air (Re = 26200)

Quantitative study of the
effects of upstream turb-
ulence on premixed gaseous
flames

Free air jet marked with
0il smoke discharging into
air (Re = 54,000)

Measurements in the shear
layer of a 2.54cm jet oper-
ated at 105 and 210 m/s

Remarks

Reported development of

smoke scattered light
measurement technique to
measure intensity, correl-
ation and spectral density
of concentration fluctuations

Reported on development of a
technique similar to that of
Rosenweig et al (1961) for
measurements of mean and

and fluctuating temperatures

Extended the principles of
the technique by Rosenweig
et al (1967) to provide a
detailed study of the con-
centration field of the
round free jet

Reported mass-density fluc-
tucations using a crossed-
Schlieren technique

(4%



Author (s) (year)

Davis (1971)

Graham, Grant and Jones
(1974)

Pitz, Cattolica, Robben
and Talbot (1976)

Becker (1976)

Smith (1978)

Flow/Application

Measurements made for an
air into air jet over a
Mach number range

0.3 < M < 0.9; jet exit
diameter was 24.5mm

Demonstrated the potential
of Rayleigh scattering by
measurements in the unburned
region of a lifted jet dif-
fusion flame (methane-air)

Hydrogen-air flame from a
3.2mm diameter nozzle oper-
ated over an equivalance
ratio range of 0.6 to 1.0
and Reynolds numbers range
between 1300 and 2000

Remarks

Used a single-beam Schlieren
system to obtain quantitative
measures of the intensity

and spectral distributions

of density gradients

Application of the theory of
Rayleigh to measurements in
turbulent flows

Used Rayleigh scattered
light with a Febry-Perot
interferometer to measure
temperature and density; and
concluded that Rayleigh
scattering was viable for
such measurements

Overview of the application of light scatter principles
in ¢connection with studies in turbulent transport and the

quantities of interest

Laminar hydrogen-air flame
from a straight vertical
burner (6.35mm i.d.); hydro-
gen exit velocity of 600cm/s

Obtained instantaneous
temperature measurements in
the flame using laser
Rayleigh scattering

Sy



Author (s) (year)

Birch, Brown, Dodson and
Thomas (1978)

Black and Chang (1978)

Dyer (1979)

Leipertz and Fiebig
(1979)

Flow/Application

Free isothermal ~95% methane
jet issuing from a 12.65mm
tube into ambient air,

Re = 16000

Investigation of Freon-12
mean concentration of a free
jet (1.5mm i.d. nozzle,

Re = 1.2 x 10%) and mean gas
temperature within a steady
stoichiometric hydrogen-air/
flame

Propane jet from 2.0mm dia.
tube with exit velocity of
2l1.1m/s (Re = 9790)
surrounded by co-axial air
flow (0.7m/s) to provide
dust free environment

Small single and multiple
jets (two-dimensional, with
n2mm exit channels).
Typical jets were of N, and
CO, with exit plane
veiocities of nl1.7m/s

Remarks

Used a Raman spectrometer
to obtain the mean and -
higher moments and prob-

ability distributions of

methane concentration

Used a laser Raman technique
combined with optical scann-
ing to allow lines of the
flow field to be measured

Rayleigh scattering to
measure the turbulent con-
centration fluctuations to

determine mean and rms fields

and autocorrelation

Raman spectroscopy to
measure the concentration
fields of N2 and CO, jets;
showed that 50um local
resolution could be obtained

9v



Author (s) (year)

Muller-Dethlefs and
Weinberg (1979)

Rambach, Dibble and
Hollenbach (1979)

Smith (1980)

Dibble, Hollenbach and
Rambach (1980)

Flow/Application

Measure of the effects of
additives (and other small
perturbations) on burning
velocities on normal and
inhibited flames

Vertical turbulent jet
diffusion flame from 1l.6mm
i.d. pipe. Coflowing air
stream used to provide
particle free surrounding
for the flame

Measurement of temperature
and nitrogen density in a
combusting engine

Fuel jet from a l.6mm pipe
with Re = 4400; fuel com-
position was 37% methane
and 63% hydrogen

Remarks

Rayleigh scattering to
measure the temperature T
to determine the point
where burning velocity
equals the flow velocity
(i.e. where T reaches its
adiabatic wvalue)

Rayleigh scattering to
obtain probability dis-
tributions of temperature
and determined profiles of
mean and rms temperature

Pulsed, spontaneous laser
Raman spectroscopy to obtain
mean temperature dependence
on equivalence ratio as a
function of cycle time in
the engine

Rayleigh scattering to

to obtain temperature measure-
ments which gave mean and
higher moments, probability
distributions and power
spectrum for a turbulent jet
diffusion flame

LY



Author (s) (year)

Warshaw, Lapp, Penney and
Drake (1980)

Cheng, Bill and Robben
(1981)

Dibble and Hollenbach
(1981)

Drake, Lapp, Penney,
Warshaw and Gerhold (1981)

Flow/Application

Hydrogen-air diffusion flame
in a co-flowing jet com-
bustor; fuel was supplied
through a 3mm tube with co-
flowing air through a 100mm
dia. pipe

Hydrogen-air combustion in a
heated turbulent boundary
layer. Equivalence ratio
range was O to 0.2 with wall
temperatures from 1100 to
1300°K and free stream
velocities from 14 to 22m/s

Premixed and diffusion flames
from 2.54cm pipe (exit
velocity of 4m/s, Re = 8000)
and l.6mm pipe (exit velocity
92m/s, Re = 4400), respec-
tively. Coflowing air stream
used

Low-turbulence hydrogen-air
flames and premixed laminar
propane-air flames and hydro-
gen-propane-air turbulent

diffusion flames

Remarks

Demonstated the simult-
aneous measurement of
temperature and velocity
using combined Raman
scattering and laser
velocimetry to obtain
temperature and velocity
and density and velocity
correlations

Obtained measures of mean,
rms fluctions, probability
density and spectral den-
sity using laser veloci-
metry and Rayleigh scatter-
ing

Reported spatially and
temporally resolved measure-
ments of temperature in pre-
mixed and non-premixed
turbulent flames using
Rayleigh scattering

Assessed the application of
pulsed Raman spectroscopy to
to temperature and concen-

tration fluctuation measure-

ments in turbulent diffusion
flames



Author(s) (year)

Bill, Namer, Talbot and
Robben (1982)

Leipertz (1982)

Escoda and Long (1983)

Namer, Bill, Talbot and
Robben (1984)

Flow/Application

Rod stabilized flame into
a flow containing grid-
induced turbulence. The
investigations were made
for ethylene (C2H4) - air
equivalence ratios ranging
from 0.5 to 0.75

Plane jet of CO, from 2mm
channel with ex%t velocity
of 1.7m/s and with and
without N2 coflowing

Freon-12 jet with exit
velocity of 4.6m/s discharg-
ing into low speed coflowing
nitrogen

Ethylene flame (@ ~ 0.5)
interacting with a Karman

vortex street. Vortex shedd- .

ing from a rod of 2 or 3mm
dia. and with Re in the range
of 73 to 500

Remarks

Rayleigh scattering to
measure mean and rms density
fluctuations and to esti-
mate the probability density
functions

Rayleigh scattering to
measure CO, concentration

and compared results to those
obtained with Raman spectro-
scopy

Demonstrated that Rayleigh
scattering combined with an
entire field of view optical
imaging could be used to study
instantaneous large scale
turbulent mixing and molecular
diffusion

Rayleigh scattering to
measure instantaneous gas
density and obtain mean, rms
probability densities and
power spectra of density

67



Author (s) (year)

Gouldin and Dandekar
(1984)

Rajan, Smith and Rambach
(1984)

Dibble, Kollmann and
Schefer (1984)

Arcoumanis, Green and
Whitelaw (1984)

Flow/Application

Unconfined V shaped flame
stabilized in grid turbu-
lence on a 1.25mm rod

V-shaped propane-air pre-

mixed flame resulting from
a 5cm x 5cm burner stabil-
ized on a l.6mm dia. rod

Axisymmetric fuel jet (5.3mm
i.d. nozzle) with exit
velocity of 154m/s

(Re = 24000, based on 22%
argon in hydrogen com-
position). Coflowing air-
stream (8.5m/s)

Non-compressing, model
Diesel engine motored at
200rpm with a simulated fuel
jet (Freon-l12 vapour) in-
jected to study air-fuel
mixing

Remarks

Measurements with Rayleigh
scattering of mean and

rms density and probabilities
and power spectra

Density mean, rms and prob-
ability distributions were
obtained with Rayleigh
scattering from single and
two point spatial measure-
ments

Combined laser velocimetry
and Raman scattering to
simultaneously measure
velocity and scalars in a
ducted non-premixed turbulent
flame

Demonstrated Rayleigh scatter-
ing to quantify mean and rms
mole fraction of simuilated
fuel jets in engines

09



Author (s) (year)

Pitts and Kashiwagi (1984)

Haumann and Leipertz
(1984)

Schefer and Dibble (1985)

Long, Levin and
Fourguette (1985)

Pitts (1986)

Flow/Application

Methane, isothermal jet dis-
charging into filtered co-
flowing air stream

(Re = 4200)

Premixed turbulent methane-
air flame issuing from two-
dimensional channels

Similar configuration as
reported for Dibble,
Kollmann and Schefer (1984)
above

Coflowing mixed and non-
premixed turbulent flames
(CH4)

Turbulent jets of seven diff-
erent gas pair combinations
all with slow coflowing
streams. Reynolds number

range of 4000 to 12000

Remarks

Rayleigh scattering to
study the methane concent-
ration field mean, rms,
skewness and kurtosis

Form of Rayleigh scatter-
ing and photon correlation
technique to study flame
temperature (mean and rms
values)

Combined laser-velocimetry
and Rayleigh scattering to
study velocity and density
distributions and joint
probabilities of velocity
and density

Optical imaging based on a
combination of Rayleigh and
Raman scattering allowed
instantaneous concentration
and temperature distributions
to be obtained simultaneously

Rayleigh scattering to study
the effects of density and
Reynolds number on mixing in
turbulent jets

TS



TABLE 2.2

Filter type:

x/d

18.0

52

Summary of percentage rejection of signal

values using different filters

r/d

% of signal values rejected per filter type

Amplitude

11.8

15.3

8.7

11.9

Initial rise

10.5

16.5

22.0

13.9

17.8

Transient

10.0

15.5

20.2

12.2

16.5
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Figure 2.3 Oscilloscope traces of LRS signals

(a) potential core of jet

(b) x/d =3, r/d = O




56

10Daa. X/ [o LRS,UNFILTERED }25%
[0 X |®LRS,AMPLITUDE
FILTER
- 20
x
g b
< g
|><\ -15
05-
-10
S
OLRS,UNFILTERED O N\ -5
X 2 OLRS,AMPLITUDE
X FILTER -
[0 PROBE ]
T 1 T
0 4 05 1.0

FIGURE 2.4 MEAN AND RMS CONCENTRATION PROFILES ALONG THE JET
RADIUS AT x/d=3; COMPARISON OF UNFILTERED, AMPLITUDE FILTEKED
AND SAMFLING PROBE RESULTS



X(1)

FIGURE 2.5 SCHEMATIC FOR INITIAL RISE FILTER, € = 0

LS



X(t)

fime =

 FIGURE 2.6 SCHEMATIC FOR INITIAL RISE FILTER, €, > 0

89



Xit)

AN N A n |
1 ALY N I .
| W SPASE B B P
; AR AN
@ | (b) (C)
) TME —= TME ———e TIME ——
i *1
% !‘1! f\f L\N\‘r \ V\'VNF ki
3 A
. n=1 n=1 M\M\r\, |f n=1
: ;‘VV\ANMMMMVM Y’J 2 lww[] N‘{\:\wv—»wv
n=2 i n=2
|
Al 2
n=3 K i ,‘P A AN ) l‘ H M
E!’\NWNVVWWMW =3
n=b
n=3 .
A
Y= X“-1 X' f i ’J
Y2xh22 Mxn Y'. (IM' n=4 ﬂ

Y3-X i*3 3Xl02 3)(“1 xl

thxiot. I'Xio§6xi-2l'xio1 xi

FIGURE

WWAM ,-W\RMW

note:Yi not to scale

APPLIED TO LRS SIGNALS AT (a> jet potential core,

(b) x/d=5, rr/d=0.4 (¢’ x/d=18, r/d=0 (d) x/d=3, r/d=0.7

Xit)

@

%

eTr

;‘ w,u

it

2.7 DIFFERENCE FILTER (with different values of n)

x/d=3, r/d=0

69



60

o.r .
(3) n=0
(bYn=1
-20.1 -20.
-42

-100.
e.0 kHz e.0 @.22.5 1.9 5.0
0.r e.r
(c) n=2 (d)n=4
-20.1-
-e.{-
[7,]
"E--40.r-
)
- -1e0.f
[N
L-e0
=
[ 9
o
-180.}
-89
-108. 1 1 ] 1 ] -200. i [l 1 i |
0.2 kHz e.e 2.20.5 1.9 5.9 e.2 kHz e.0 ©.20.6 1.0 5.8

FIGURE 2.8 LRS FREQUENCY SPECTRA AT A JET LOCATION x/d=3,
(c) n=2

r/d=0.3 WITH THE PARAMETER n SET TO <(a’> n=0 (b)) n=1
(d> n=4



61

[} E ' ‘ B .°o
1 O X/-X-CL 25 /
, AMPLITUDE
. FILTER
, A DIGITAL FILTERS |20
- <‘
I>< <
" 15
0.5-
-10
%"
< AMPLITUDE |
FILTER
A DIGITAL FILTERS
O PROBE
i 1 1 T
0 b4 05 1.0

FIGURE 2.9 MEAN AND RMS CONCENTRATION PROFILES ALONG JET
RADIUS AT x/d=3, FILTERED RESULTS



62

'l,O'ﬁ A

o

0.5+

‘250/0

- 20

ﬂaxlx

15

- 10

,l! ™
: | 22 !
‘_A \
4 \
u
0 Cong 05 | -1

FIGURE 2.10 MEAN AND RMS CONCENTRATION PROFILES ALONG THE JET

note: SYMBOLS PREVIOUSLY DEFINED

RADIUS AT x/d=5, FILTERED AND UNFILTERED RESULTS COMPARED



63

CHAPTER 3 THE NEAR FIELD OF STEADY JETS

3.1 INTRODUCTION

Investigations of non-uniform density jets have been
fewer in number than those in equal density jets and consider-
ably less detailed, partly as a result of difficulties assoc-
iated with measurement techniques. Pressure probes and hot-
wire techniques have been used by, for example, Abramovich et
al (1969), Sforza and Mons (1978) and Chevray and Tutu (1978)
with the second two investigations confined to small density
differences. The experiments of Way and Libby (1971) also
made use of hot-wire anemometry and reported measurements of
velocity and concentration characteristics in a jet of helium
rising into air at 15 and 20 diameters from the jet exit; the
emphasis was on the development of the measurement technique:
but the results do show the increase in mixing expected with
low density jets. Antonia et al (1975) have used hot-wires
in heated jets where the initial density ratio was around
0.94, with emphasis on heat flux and shear stress in the far
field of the jet.

More recently, optical techniques, as reviewed in Chapter
2, have been applied to the measurement of scalar quantities
in non-uniform density jet flows. Birch et al (1978) used a
form of Raman spectroscopy to measure mean and fluctuating
levels of concentration in a methane jet in a range from
around 5 to 70 diameters although most of the profiles were
between 20 and 40 diameters. Techniques based on Rayleigh
scattering have also been used to investigate scalar-field
properties in jets of non-uniform density, for example by
Dyer (1979), Leipertz (1982) and Pitts and Kashiwagi (1984),
but the emphasis has again tended to be on the technique
development even though Dibble and Hollenbach (1981), Schefer
and Dibble (1985) and Pitts (1986) have applied the technique
to flames and to isothermal jets of significant density
differenc¢es with some success.

In this chapter, we are concerned with the details of
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free jet flows from the jet exit to around ten diameters down-
stream and with the differences between a jet of air and a jet
of Freon-12 (CC12F2 density 4.2 times that of air)* issuing in-
to still air, see Figure 3.1. A second purpose of this chapter
is to provide validation of the Rayleigh scattering technique
to the study of a free turbulent jet where, in contrast to
previous investigations, the application of Rayleigh scatter-
ing to jet flows has been confined to investigstions of coflow-
ing jets; due to the problem of particle scatter interference
(Chapter 2). The jet is described in the following section
together with the measurement techniques which include impact
probes .and hot-wire aneﬁometry for the measurements in the
uniform-density jet and a Rayleigh-scattering technique for

the measurement of scalar properties. The results are present-
ed and discussed in the third section which is divided into
three sub-sections dealing with averaged quantities and a
fourth section concerned with spectral information. In the
Freon-12 jet, the averaged quantities are likely to be density
weighted and information of the probability density distri-
butions allows the difference between the unweighted and =
weighted averages to be determined for the case of concen-
tration measurements; a detailed assessment of the density
weighted quantities is provided in the Appendix of this
chapter. The fourth section of the chapter identifies the
more important conclusions, the implications of the results

for calculation methods based on averaged equations and the
effects of density on the large scale structures formed in the
near field.

3.2 FLOW ARRANGEMENT AND MEASUREMENT TECHNIQUES

The jet is identical to that previously used by Dufgo and
Whitelaw (1974) in their comparison of laser velocimeter and

hot-wire measurements. It was manufactured from solid plexi-

* The Schmidt number for the Freon-12 jet into air is about 1.4 in contrast
to that of 0.2 for the helium jet of Way and Libby (1971)
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glass with an area contraction of 16 to a jet-exit diameter-
of 10mm. Air, or Freon-12, was supplied to the plenum
chamber upstream of the contraction andipassed through a cali-
brated rotameter, a drying filter and a length of honeycomb
before contracting to the exit plane and issuing into still
air. For the present experiments, the jet was directed vert-
ically downwards and surrounded by a metal screen 1lm in dia-
meter. The Freon gas was distributed uniformly in the exit
plane where the displacement thickness of the boundary layer
was 0.27mm with air and less with Freon.

A probe of internal and external diameters of 0.31 and
O0.56mm was used to measure total head pressure difference,
AP, and to withdraw samples of gas to a thermal-conductivity
cell for the measurement of mean mole fraction of gas concen-
tration, X. The static pressure in the jet was assumed to be
constant*and equal to the atmospheric value for x/d > 1, as
suggested by the measurements of Sunyach and Mathieu (1969).
Knowledge of the local mean Freon-12 concentration allows the

mean velocity ratio to be determined from the equation

5
U/UR) = {(AB/AP) (1 + X, (M, Mo-1)) /(1 + X, (M, Mp-1) )} (3.1)

‘which follows directly from Bernoulli's relation between
pressure drop, fluid density and velocity. The subscript r
defines a reference (i.e. o for the jet exit and CL for any
axial location) for the gas A (Freon): the term iA is the mean
mole fraction of Freon; and MA and Mp are the molecular
weights of Freon-12 (MA = 120.9) and of air (MB = 28.9).

This results in an approximation of the time-averaged velocity

since <pu2> # <p><u>2

and analysis of the difference shows
that it includes ratios of triple correlations which are close
to zero at the centreline and increase towards the jet half
width. When the same probe was used f6r gas sampling

in the Freon-12 jet and in the air jet with a trace of

* Assessments of this assumption are provided in the Appendix to the chapter
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helium, the suction rate was arranged to be close to isokinetic
so that the measured quantity was not severely influenced by
preferential suction of either high or low density gas. The
thefmal—conductivity cell was used in the manner described

by Crabb and Whitelaw (1979) and previous authors, with a pre-

cision of approximately i'1.5% of the concentration in the exit
plane. In this case, a density weighted quantity is measured
and, as will be shown, its difference from the unweighted
average can be estimated by comparison with the unweighted
values obtained from the optical method (see also Chapter 2).

Hot-wire anemometry was used in the air jet and made use
of DISA equipment, including a straight-wire probe, an anemo-
meter (55001) and true rms meter and digital voltmeter. Cal-
ibration was performed in the exit plane of the jet and spec-
tral information for the velocity field was obtained with an
analogue FFT analyser (Spectral Dynamics model SD340).

The instrumentation required to obtain and process the
Rayleigh scattered signals is shown on Figure 2.1. - For the
present experiments the argon-ion laser operated at a wave-
length of 514.5nm and at power levels of around O.7W. The
photomultiplier provided a signal with voltage proportional
to the intensity of the scattered light and, after band-pass
filtering (5KHz), the signal was converted to digital form and
processed in a microcomputer. The measurement software had
two main purposes, the first to filter Rayleigh signals from
those due to light scattered from sources other than the gas
molecules as discussed in the last chapter, and the second to
convert the resulting signals into mean values, including
correlations, or to pass them to the FFT analyser. A detailed
assessment of the measurement uncertainties is provided in
the Appendix to this chapter.
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3.3 RESULTS AND DISCUSSIONS

3.3.1 Centreline characteristics

Centreline distributions of mean velocity and concent-
ration and the corresponding rms values are shown on Figures
3.2 and 3.3 for air and Freon-12 jets. The mean and rms of
the Freon-12 jet concentrationsare expressed in terms of mole
and mass fraction i.e. by X and 8§, respectively. As can be
seen from Figures 3.2 and 3.5, the concentrations measured by
the probe and optical techniques are in close agreement (dis-
crepancies less than 2% of the local values). It is expected
that these values are close to the unweighted averages. The
jet Reynolds number, 16900 in both cases, was chosen after
experiments at lower values had shown this to be an asymptotic
value in terms of the non-dimensional mean velocity and con-

centration results. The Froude number of the Freon jet was
-224 (= Uozpjet/gd(pamb - pjet)) where P amb and pjet denote
the ambient and jet fluid density and 4 and UO are the jet
exit diameter and velocity and, according to the analysis of
Chen and Rodi (1980) is sufficient to ensure the absence of
buoyancy forces in the present range of measurements. *

The higher density Freon jet decays more slowly as shown
by Figure 3.2(a) and, as expected, the ratio of the velocity
to concentration is far from constant for the two jets and
stems largely from the disparity in the potential core lengths.
The growth rates are shown as the reciprocal of the vélocity
and concentration (Figure 3.2(b)) and it is evident that the
air jet spreads more rapidly. For both the air and Freon
jets, the velocity growth is less than the concentration
growth and the velocity potential core greater. To facilitate
comparison of these results with those of others, the centre-
line dependence of mean mole fraction concentration may be

written as

* See also, Gebhart (1979) for a review of buoyancy induced fluid
motions and Phillips (1981) on the effect of Froude number on
entrainment characteristics
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k,(x - x')
— (3.2)

r
o

X
_°
X

where x' is the virtual origin of the mole fraction, kl is a
constant and r, is the nozzle radius. A least squares fit to
the data for x/rO > 20 leads to values of kl and x' of 0.178
and 8.15rO for the Freon-12 jet and 0.457 and 12.8rO for the

helium trace in the air jet, respectively. The equation

k2(x - x")

r
e

== (3.3)
5

includes x" as the virtual origin in mass fraction terms and
ry the effective nozzle radius«ito account for the density
difference between the jet fluid and surroundings. This
momentum-scaling concept was introduced by Thring and Newby
(1953) with r, = ro(po/pamb)% or, in the present case,
r, = 2.05ro. The value of k2 was found to be 0.086 and the
virtual origin x" = 19.78ro. Table 3.1 provides an assess-
ment of the influence of density on centreline decay and
growth rate based on this and previous experiments: the
differences stem mainly from initial conditions. As can be
seen, jets of higher density exhibit a more positive location
for the mole fraction virtual origin and a more negative
location for the mass fraction. Thus, the lighter density
jets spread faster with associated higher rms values while
heavier density jets exhibit the opposite behaviour. When
plotted on a momentum basis, however, the growth rates and
centreline decay tend to merge to the same values.*

Figure 3.3 shows the normalised rms of the velocity
fluctuations for the air jet and the rms of the concentration

for the Freon-12 jet. For comparison purposes, the results

* fThe validity of this scaling will be limited by the extent of the density
difference between the jet and surroundings so that at far enough down-
stream distance disagreement in collapse of centreline data will result
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obtained in an air jet at a Reynolds number of 5800 are also
shown and are slightly higher than those at 16900 due in part
to the slightly lower values of mean velocity. In both cases
the turbulence intensity values uY/U tend towards an intensity
of 0.25 which is similar to that recorded previously.

The mole fraction un-mixedness, defined as in other
works by XYX, rises quickly with distance from the nozzle
until about 10 jet diameters where it has almost achieved an
asymptote of around 0.28 to 0.30. 1In contrast, the values of
the rms of mole fraction concentration, defined by xyio,
reach a maxima of about 0.17 and, when compared to the maxi-
mum in the velocity rms, uyﬁo = 0.14, makes clear the dis-
parity in potential cores for the velocity and concentration.
The maximum un-mixedness in terms of mass fraction 6Y8 is around
0.19 in contrast to the scalar intensity in the heated jet of
Antonia et al (1975) which yielded a value of about 0.26 at
59 diameters. :‘Becker et al (1967) showed a limiting value of
©/86 around 0.22 in an air jet and, for jets with lighter
density than the ambient, Birch et al (1978) and Pitts and
Kashiwagi (1984), found values of 675 of around 0.28. Also,
the heated air jet of Lockwood et al (1980) indicated an asym-
ptote of their temperature fluctuations of 0.21 and corresponds
to the case of an initial jet to ambient density ratio of 0.54.
The results of Way and Libby (1971), for a helium jet discharg-
ing into air (density ratio of 0.14) indicate values of the
mass fraction concentration intensity of 0.33 anq 0.37 at 15
and 20 diameters, respectively, with values for u/U at these
locations of 0.28 and 0.30.

3.3.2 Radial characteristics

The mean profiles for the air and Freon-12 jets, Figures
3.4 and 3.5, indicate that the spread of the jet in the near
field (x/d < 4) is directly influenced by density ratio. The
radial spread of tracer gas in the air jet is similar to that

of Freon-12 after about 5 jet diameters and the radial location

\
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corresponding to half the centreline velocity values (rl/Z)u’
is similar for both jets after about 7 diameters. The
Freon-12 jet velocity profiles (Figure 3.5) are in all cases
fuller than those for air, and similar results were reported
by Abramovich et al (1969). The mean mass fraction concen-
tration profile at x/d = 9, Figure 3.5, supports the idea
that mass fraction spreads faster than momentum in turbulent
jets, as suggested for example by Sforza et al (1978), and
does not appear to be density dependent. At x/d > 7 the
radial mole and mass fraction distribution can be described

by the familiar

7] .
— = exp {-k3(r/rl/2)8} (3.4)

Ql

CL

where for k3 = inz and B = 2 it is a Gaussian function as
used to describe results in the fully developed jet regions;
rl/2 is the radial location at which the concentration is one-
half the centreline value, and @ is either the mean mole or
mass fraction; and note that a similar form fits the mean
velocity results (Figures 3.4 and 3.5). Our constants are
slightly different and suggest, in contrast to ligher density
jets, that the characteristics of similarity are delayed by the
‘high density ratio (Figure 3.6). The asymptotes (Figure-3.7) of the
spreading rate in terms of rl/z/x achieve constant values of
0.071 and 0.099 for mole and mass fraction respectively, for
x/d greater than around 10 which, within the experimental
uncertainty, are the same as that of Birch et al (1978) for
the mass fraction but smaller in terms of mole fraction as
usually found, see for example Pitts and Kashiwagi (1984)
and Dyer (1979).

The rms of the longitudinal velocity fluctuations uVﬁCL
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in the air jet, Figure 3.8, and mole fraction concentration
fluctuations of the Freon-12 jet XViCL, Figure 3.9, show a
small dependence on Reynolds number away from the centreline
and close to the jet exit. The maximum value of the intensity
of velocity fluctuations (HVGCL) does not exceed 0.18. The

cL at x/d = 9 is
about 0.29, however, the maximum intensity of the mass

intensity of mole fraction concentration XYX

fraction fluctuations (eVéCL) is of the same order as the
rms velocity intensities, i.e. 0.19. The intensity ratios

] ' ' ' - . _
Xmax/xCL and emax/eCLat x/d = 9 are 1.07 and 1.06, respective

ly, with the radial location of these maximas at r/rl/2 =
0.354; rl/2 is the concentration half radius. Pitts and
Kashiwagi (1984) report for a similar analysis values of
Xﬁax/xéL = 1.31 at r/rl/2 = 0.92 for a methane jet while
Birch et al (1978) report e&ax/eEL = 1.20 at r/rl/2 = 0.7,
and corresponding findings by Becker et al (1967) for air
and Dyer (1979) for propane, are consistent in that jets of
heavier gas result in lower values of Xﬁax/XéL and ehax/ébL'
Some influence of initial conditions (i.e. jets from pipes
instead of nozzles) can be expected to influence these r/rl/2
values.

3.3.3 Higher moments and probability densities

Results for the skewness and kurtosis of concentration
along the jet centreline are in agreement with the trends
reported by Birch et al (1978), and Pitts and Kashiwagi (1984).
The same variations in skewness at the near exit locations
exist up to about 2 potential core lengths. In agreement
with these previous authors, the skewness remains negative
along the jet centreline and tends toward a nearly constant
value of about -0.23 as compared to the value of about -0.35
reported for the methane jet studies of Birch et al and Pitts
and Kashiwagi. For heated jets Venkataramani et al (1975)

and Lockwood and Moneib (1980) report the centreline skewness
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of temperature field to tend to about -0.3 while Antonia et
al (1975), at 59 diameters, found a value of about -0.5. It
is interesting to note that the trend in the skewness is to
increase with increasing axial direction and for the kurtosis
to decrease and, as noted by Pitts and Kashiwagi (1984), to
date only the results of Lockwood and Moneib (1980) exhibit
opposite behaviour. However, while the centreline value for
the kurtosis reported by Venkataramani et al (1975), Antonia
et al (1975), Birch et al (1978) and Pitts and Kashiwagi
(1984) all remain slightly greater than or equal to 3, the
present results have a limiting value around 2.3. Pitts
(1986) has reported similar values for skewness and kurtosis
as here for his heavy density jets, particularly along the
similar axial distances (x/d < 20) and for the further down-
stream locations. The smaller skewness of the higher density
jets implies lower excursions of the jet density about the
mean and towards the lower concentration regions; +the lower
values of the kurtosis imply that mixing of the heavy jet
fluid occurs with less influence away for the mean value.

Measurements of the probability density function of
Freon-12 concentration are shown for the jet centreline and
two radial locations in Figure 3.10: they were obtained
digitally over 1% concentration intervals and normalized
according to

1
S P(X) dX = 1 (3.5)
o

The centreline distributions (Figure 3.10(a)) show departures from
Gaussian and with negative skewness as noted previously.
Venkataramani et al (1975) measured- marginal and joint probability
distributions of tempersttire and longitudinal (u)- and transverse (V)

velocity components in a round heated jet at 15 jet-diameters and
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found that the centreline temperature pdf exhibited negative
skewness although the pdf's for u and v were more nearly
Gaussian; For the pdf's obtained they found that all dis-
tributions departed from Gaussian with bimodal temperature
distributions in the intermittent regions. The pdf charact-
eristics for the velocity components reported by Ribeiro and
Whitelaw (1975) at 57 jet diameters when compared to those

of Venkataramani et al (1975) suggest that the basic features
of the velocity pdf's are similar at upstream and downstream
locations and further support of this is provided by the near
field pdf's of u reported by Lau et al (1979).

Birch et al (1978) presented concentration pdf's at
about 10 jet diameters and, when compared to the present
results at 9 diameters (Figure 3.10(c)), show similar bimodal
features are towards the jet edges. The pdf's obtained at 3
jet diameters (Figure 3.10(b)) indicate a much more pronounced
bimodal distribution which is consistent with the influence on
mixing by the near field periodicity of the large scale
structures presumably due to shear layer instabilities. The
near field periodicity will be considered further in the
following subsection. Similar conclusions involving period-
icity of the flow through measures of the pdf in a mixing
layer have been reported by Mungall et al (1984).

The work of Dopazo (1975) proposes an analytical pdf
approach for a round heated jet but comparison of the results
in that work to the experimental findings here and elsewhere,
for instance Venkataramani et al (1975), indicates that
accuracy is limited. As noted by Pope (1979), Dopazo's
model cannot represent large departures from Gaussian and
homogeneous behaviour. Improved models have been suggested
for example by Pope (1976, 1979), Kollmam (1979) and Givi et
al (1984) and appear to better deal with non-Gaussian
behaviour. Rigorous testing of the improved models has, how-

ever, been limited by lack of measured distributions, in
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particular, of fields in reacting and non-reacting flows
where density weighted results are obtained.

It is expected that the velocity results are unweighted
in the vicinity of the centreline where triple correlations

are small and to tend towards weighted averages as
2

<p'u'2>/<p><U> increases. The exact values cannot be deter-
mined but it is expected that the maximum uncertainty in un-
weighted mean velocity will be less than 5% and is based on
estimates as reported in the Appendix of this chapter. The
concentration results obtained by probe and by optical methods
should correspond to weighted and unweighted values respective-
ly and it is encouraging to note that the two are similar up

to the jet half width with discrepancies up to 3% of unity
towards the outer edges. As expected, density weighted wvalues
are lower. ’

3.3.4 Energy spectra

The near field of uniform density jets has been examined
by many authors as reviewed in Chapter 1 and the emphasis has
been with the nature and magnitude of naturally occurring
oscillations and their amplification by external sources.

It is well established that round jets can exhibit pre-
ferred frequencies, particularly in the near field and at
transitional Reynolds numbers. Hussain (1983), for example,
has suggested that the frequencies correspond to Strouhal
numbers based on jet exit diameter, d, and velocity (Std =
fd/Ub) in the range from 0.3 to 0.55 although the preferred
mode for the jet and associated stable vortex pairing can
occur at higher wvalues. Because the pairing phenomenon is
still not fully understood, the velocity and concentration
signals obtained both in the uniform and non-uniform density
flow were spectrum analysed, using analogue and digital

processing, with resolution of better than 5Hz and a uniform
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filter bandwidth of 7.2Hz at 3db. Figures 3.11 and 3.12
present energy spectra for the centreline of the air (3.11(a))
and Freon-12 (3.12(a)) jets and show predominant frequencies
at the end of the potential cores which correspond to Strouhal
numbers of 0.3 and 0.8, respectively. For the non-uniform
density jets, spectral information of velocity was obtained
with a single hot-wire calibrated in the jet potential core
and no attempts were made to further compensate for density
effects. This approach yields accurate spectral results for
the frequency components although the energy magnitudes are
likely to be in error. As a severe test of this, the wire
was calibrated in the Freon-12 jet and used in the air jet and
vice versa. The spectral results for both jets were similar
to those obtained with the wire calibrated for the correspond-
ing density but the energy magnitudes showed some differences.
The broad-band nature of the spectra in the vicinity of
the jet exit gives way to the preferred frequency as the
Gortex structures form; in both cases, however, the preferred
frequency has disappeared by 6 diameters indicating the break-
up of the structures into the turbulent flow. The fundamental
frequency at the jet exit fo’ does not contain the most energy
further downstream and at the end of the potential core the
first subharmonic, fo/2, tends to become dominant indicating
a transfer of energy between the fundamental and the subhar-
monic. Measurements in the plane three diameters from the
exit for the air jet (Figure 3.11(b)) show that the discrete
frequencies at the jet exit can be detected consistently up to
a radial location of about 0.5d (i.e. towards the region where
the maximum in the mean velocity gradient is found and where
the intensity ﬁVﬁCL appear maximum) with similar findings in
the Freon-12 jet, Figure 3.12(b). Comparison of the two sets
of results shows the dominant frequency of the air jet (at the
end of the potential core) to be 2.27 times that of the Freon-
12 jet with the Strouhal number 2.67 times smaller. It seems
unlikely that the high value of the Strovhal number for the
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Freon jet is associated with the stable pairing of vortex
rings, as found by Zaman and Hussain (1980) since their inves-
tigations were in uniform density jets, and it can be expected
that stability characteristics of the jet will be dependent on
jet density as well as boundary and initial conditions. This
is discussed further below.

It should be noted that, when the air jet was arranged to
have the same initial momentum as the Freon-12 jet (i.e.
Re = 5850 instead of 16900), the measured frequency was iden-
tical to that of the Freon-12 jet and the Strouhal number
increased to 0.38. It is noted that a consistent increase in
measured frequency resulted with increase in jet velocity and vice
versa independent of the jet density. To further test the-scaling of
frequency with momentum, similar measurements were obtained
with helium at the same jet-exit momentum (Re =~ 2000) and the
frequency was again found to be identical with that for air
and Freon-12; the corresponding Strouhal number was O0.14. An
example of the helium jet spectra is shown on Figure 3.13 for
various radii in the 3d plane: as can be seen the dominant
frequency can still be observed at 0.8d which confirms the
greater spreading when pjet/pamb < 1. Further measurement
with the helium jet at Reynolds numbers of 2500, 3000 and
3500 showed that the Strouhal number increased in this range,
in contrast to the opposite trend with the air jet but similar
to that subsequently determined with Freon-12. Table 3.2
summarises these results and it is clear that for the investi-
gations here, a reduction in jet Reynolds number results in
reduction of the dominant frequency independent of jet density.
Just as the frequency scale with momentum, the Strouhal number
can be shown to scale with the inverse of momentum so that,

when defined as

p Y
. = (pamb) (3.6)

jet

the same value is obtained for the helium, air and Freon-12
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jets of the same initial momentum within the experimental
uncertainty imposed by the small variation in initial
boundary-layer thicknesses.

The variation in the shape of the velocity spectra between
x/d of zero and four is, in part, due to a variation in the-
dominant frequency which at the jet exit gives rise to a
Strouhal number (Std) of 0.58 and, at x/d of 4 to a value of
0.30. Durao and Pita (1984) suggest from their air jet
measurements that two modes of vortex formation may exist with
the preferred mode established by the end of the potential
core. The present air jet results are consistent with this
conjecture but the results with helium and Freon-12 are not so
that density effects may dictate the extent to which multiple
vortex pairing can exist. For example, the stability analysis
of Anderson and Bejan (1985) for a round jet suggests some
agreement with the findings here. Their analysis shows that
as the shear layer thickness increases the Strouhal number of
the most amplified mode decreases; this observation can be
made with our air jet results. With the helium jet a similar
condition is observed by considering the rapid spreading of
the helium jet resulting in a very fast shear layer growth
(consistent, moreover, with the decrease in potential core
length for jets of lighter density, see also Pitts (1986)).
Thus, for the helium jet, the thick shear layer immediately
at the nozzle exit would result in no variations in Strouhal
number downstream since the jet preferred frequency would be
established very near the exit plane. Finally, in the case
of the Freon jet, the slower growth in shear layer thickness
along the first four diameters (Section 3.3.2) suggests
penetration of disturbances (due to the vortex roll-up at the
jet exit) into the centre of the jet to be less possible, as
predicted by Anderson and Bejan (1985), and in this case would
result in the established frequency at the jet exit shear
layer not penetrating into the centreline.

Concentration spectra were obtained from Rayleigh signals

from the Freon-12 jet for the same Reynolds numbers as the
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velocity spectra and revealed the same dominant frequencies.
The periodicity of the flow predicted in part by the pdf
results is evident from a typical trace of concentration

(LRS) signals as shown in Figure 3.14. An example of the
centreline evolution for this scalar spectrum is shown in
Figure 3.15 for Re = 16900 with corresponding results along
the radial planes in Figure 3.16. The difference in
potential core lengths of the scalar and velocity field is
evident from Figure 3.15 since the decay of the dominant
frequency in the scalar spectrum occurs near to:.:5 diameters
whereas the corresponding behaviour of the velocity spectrum
occurs closer to 7 diameters. The radial distributions at
x/d = 3 show that the presence of the dominant frequency of
the scalar spectrum extends to around 0.65d in contrast to
the velociﬁy spectra which lose their dominant frequency at
around 0.5d. The lower frequencies found in the heavier
density jet, but with the same Reynolds number as lighter jets,
suggests that the entrainment of the latter is greater than of
the former. Unlike the u-velocity spectrum, the radial loca-
tion at which the scalar spectrum tends to flatten is not
coincident with the radial location of maximum intensity.
With the scalar spectrum for the Freon jet, it is interesting
to note that along the radial plane at x/d = 1 and 2, a
frequency of 660Hz 1is present towards the outer shear layer
(particularly evident at the edges of the potential core as
can be estimated from Figure 3.5 and 3.15). Penetration of
this frequency characteristic towards the centreline does not
result as is consistently shown by Figures 3.15 and 3.16. It
is expected that the damping of this frequency results as a
consequence of the large density of the jet and associated
effects of slow growth of the shear layer, as discussed above,
leading to a faster dissipation of the energy of external
disturbances than would result with a lighter density jet.

If the observed frequency of 660Hz did penetrate towards the
centreline at x/d = 1, this would result in a similar trend
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between fo and fo/2 as pbserved with the air jet and discussed
above in the velocity spectra results. Similar observations
can be made at a lower Reynolds number of the Freon jet
(Figures 3.16(f) - (j)) where, in addition, it is observed
that at a.lower Reynolds number, the distance from the nozzle

associated with vortex pairing is increased.

3.4 CONCLUSIONS

The main conclusons which can be extracted from the pre-
ceding sections are summarised in the following paragraphs.

Thejet of Freon-12 in air spreads more slowly than jets
of lighter gas; quantitative comparisons require consideration
of the details of the flow properties in the exit plane of the
jet. Adjustment of the abscissa in a manner consistent with
momentum scaling, tends to make the velocity and concentration
decay rates of the Freon-12 and air jets similar.

The measurement of rms values of velocity and concentra-
tion must be interpreted with care in view of the preferred
frequencies observed in spectra. They do, however, indicate
that the values of mass and mole fraction are smaller with the
heavier gas. The probability density distributions show a
tendency to be more strongly bimodal in regions where preferred
frequencies were found in the spectra in contrast to downstream
locations where the mixed jet shows weaker bimodal features.
The preferred frequencies associated with u-velocity and con-
centration measurements were similar, probably associated with
vortex pairing and could not be identified further downstream
than 7d. The Strouhal number ranges from 0.3 to 0.8 and scales

with the inverse of jet momentum.



80

APPENDIX

MEASUREMENT UNCERTAINTIES

3.1.A Uncertainty in velocity measurements

The mean velocities determined with the total head probe
are expected to have uncertainties associated with neglect of
static pressure and turbulence fluctuations. In the near
field the turbulence is not well defined and there velocity
fluctuations are expected to be statistically random and there-
fore with negligible contribution to uncertainties. In the
outer edges of the jet, however, inclusive of the near field
and in developed flow regions downstream, velocity fluctuations
can be assumed to be normally distributed (Becker and Brown,
1974) and Cho and Becker (1985)) and these can give rise to
uncertainties. The longitudinal velocity values as determined
by the measurements of total pressure drop AP, would be larger
than the true velocity by (1 + 5'2/02)%. As reported by
Bradbury etal (1965,1967), Sunyach and Mathieu (1969) and Cho
and Becker (1985), the further neglect of static pressure
effects and uncertainty in its accurate measurement , partic-
ularly in the near field, can lead to uncertainty of up to 3%
in mean velocity and will result in uncertainty in results
determined by hot-wire anemometry when calibration of the wire
is mgae with reference to the total head velocity measurements
determined with the probe.

When the jet fluid density is different from that of the
surroundings, additional errors are introduced due to the
effects of density weighting. For variable density flow the
total head (Pitot) probe measures the density weighted velocity
pUz. From first principles the mass average velocity measured
with the Pitot probe is a density weighted quantity and is
given by

> >
3= {levdv (3.A.1)
fp av
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where Vv is the velocity vector at a point and p the density
and dV an element.of volume; the mass density p 1is the total

density over the volume dV. For a binary gas mixture the mass
average velocity is

+_1__ _
v = p(pAﬁA + vaB) = Upitot (3.A.2)

where the subscripts A and B denote the two species making up
the mixture and p = Pa + pg the mass density per unit wvolume
of the mixture. If we let p = p + p' and Vi = Vi + vi' a
time average gives

and

p+p' = p, since B' =0

Thus (3.A.2) becomes (dropping the vector symbol)

= 17 TV <V - 7 P ey
_ (pAVA +p'av A) + (pBVB + p'gv B)
Up.i,‘:ot = — — (3.A.3)
Pp + Pg

At present, it is not possible to measure the individual
species velocities and thus the quantity represented by the
Pitot probe measurements is the total time average <pU2> and

is not equal to <p><U>2. From Bernoulli's law
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AP

"
N

°

(@

(3.A.4)

and this result can be conveniently used in a non-dimensional

form. For a reference state (o) and any other arbitrary state
the ratio of AP can be formed as

2

AP = pU_ (3.A.5)
AP 2
(o) pOU

and since the left hand side represents the ratio of
<pUZ>/<pU2>o we obtain

2, %
< >
2 = (py/p 2
o <pUO >O

(3.A.6)

where the density ratio po/p can be determined under the
assumption of ideal gas behaviour from the measured mole
fractions Xj and molecular weights Mj of species A and B.
Since the conservation of mass requires XA + XB = 1 and with

the ratio po/p after rearrangement being given by

_ (1 + X3 (Ma/Mp = 1))

(1 +x, My/My - 1))

Po/P (3.7.7)

and to within the first order of approximation, the ratio
(3.A.6) can be determined to define the velocity ratio of
species A, (U/UO)A; strictly speaking (3.A.5) is a measure of
(3.A.3). o

Considering the problem of density in terms of Favre
(1969) decomposition with
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2 [ |2 — 1 l2
82 - pU = pU t pu = U2 + E_%__ (3.A.8)
p

then from (3.A.6) and (3.A.8) we obtain

- - L
p ) ==2 1y, r2
(g—) = (== (EI_J_Z tpu )) (3.A.9)
oA p- (pU” + p'u'z)o
and in this case the triple correlations would require
measurement and with local density to determine
U G2 (L + (0'u'2/5T%)) "
(ﬁ ) = {= 2 ( )} (3.A.10)
o A U

o (1 + (p'u'z/aﬁz))o

Provided p'U'z/Bﬁz << 1 the conventional average and mass
average are approximately the same.

Analysis of the limited data on correlation measurements
of velocity and scalars as reported by Stanford and Libby
(1974), Pope (1979) and Starner (1983, 1985 and 1986) indicates
that mean velocity results in the variable density jet of
Freon-12 are unweighted in the vicinity of the centreline
where triple correlations are small and to tend towards
weighted values with maximum uncertainty of about 5% as the
triple correlations increase. If the effects of density are
neglected the effect on mean velocity profiles is to obtain
measured quantities with the Pitot probe that underestimate
the true velocity when the jet density is greater than the
surroundings, Figure 3.A.1l, and to overestimate the true

velocity when the jet density is less than the surroundings,
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these conclusions are clear from Equation 3.A.6.

With the hot-wire measurements, uncertainty of up to 3%
can be expected near the edges of the jet where the velocity
is low and the errors there are expected to be influenced in
addition by uncertainties in the pitot probe measurements
used to calibrate the wire, Yavuzhurt (1984). Neglecting static
pressure effects leads to uncertainties in mean velocity as
discussed in Section 3.3.A below.

3.2.A Uncertainties in concentration measurements

For measurements made with the concentration probe an
analysis shows that a density weighted quantity is measured
for concentration C and with a similar results as obtained
with velocity between the Favre average 8 and time averaged
C concentration,

= 1 4+ € (3.A.11)

elkleS

ol
Ol

The result (3.A.11]) holds as a first approximation for a
constant suction velocity. When p'C'/pC << 1, then & T
and results for conditions of isokinetic sampling.

The concentration levels determined with both the optical
and probe techniques are mole fraction (i.e. percent by
volume) quantities. In the case of the probe measurements a
sensitive katharometer (Taylor Servomex MK158) was used and
had the ability to sustain high suction flow rates and these
could be adjusted as required. The katharometer was calibrated
for mixtures of known concentration of Freon-12 in air and
for helium in air and with uncertainty in full scale of .00lmV
with full scale for Freon being 320mV and for helium 1100mV.
For helium the calibration was linear for volume concentrations

of less than 5%. For the Freon the calibration was non-linear
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and in this case the calibration data were fit to a power

curve

Ql
I
™
o
<

(3.A.12)

with the coefficients a; and exponents oy determined to
provide .995 correlation, v is the voltage.

The effects of density weighting were estimated for the
use of different size probes and suction flow rate and were
determined to be very sensitive variables. Instrumentation
sensitivity was sufficient to detect .01% gas concentrations.
When a large intake diameter is used for the probe high fluc-
tucations result and if additionally the suction velocity is
greater than that of the stream being measured the lighter
component gas in the mixture will be preferentially sampled.
When the probe intake velocity is adjusted to be less than
that of the measured stream the heavier component is drawn in.
These results can be seen from the equation for gas and probe

tip concentrations

put N7 i 1
_ Cgas PUg * C (pUg)

c =
probe Eﬁ;

gas

(3.A.13)

where Us is the suction velocity. Figure 3.A.2 shows typical
sensitivity (slope) of calibration curves determined for
Freon-12 and air mixtures as a function of probe size, katha-
rometer input voltage and suction velocity (volumetric intake).
Figures 3.A.3 and 3.A.4 present measurements of mean concen-
tration for the jet centreline and along two radial planes,
respectively, and make clear the influence of probe size as
discussed above. With a larger probe but, under isokinetic
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sampling, overprediction of mean concentration can result by
as much as 20% of unity in the present isothermal case. When
differences in concentration are small (Figures 3.A.2 and
3.A.4(b)), the difference between density weighted and un-
weighted values decrease but can be as high as 10% of unity.

With the particular probe size used for the measurements
reported in the chapter (and by comparison to results as in
Chapter 2 to the time averaged LRS results), uncertainties in
mean concentration are expected to be 2% in the inner jet
regions and with maximum uncertainty towards the edges of the
jet of about 3%. ‘

3.3.A Uncertainty due to neglect of static pressure

For the round jet, the static pressure variation across
the jet can result from contributions of mean and rms velocity.
The influence of velocity fluctuations is greater than the
mean velocity and particularly the radial fluctuations of
velocity. Thus, the resulting time-averaged momentum equation

along the radial direction is given by

dr = P (3.A.15)

where P is the stagnant (total) pressure at a point and Ps the
static pressure at the same point. At the jet centreline, the
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integral term is zero from considerations of symmetry and
thus

(3.A.16)

Away from the centreline the additional term of the
integral contributes but as indicated from measurements in

round jets v'2 0% w'2 so that neglect of vi12 - w": will
introduce only a negligible error in contrast to pv”z.

The ideal response of the Pitot probe is
— 1
P -P_= 5 PU (3.2.17)

where ﬁp (i.e. P) is the time-averaged total pressure sensed
by the probe. Taking the ambient pressure as reference instead
of the local static pressure (PS) at the measurement point
gives

w1
|
g
!
o~
ol
o
|
v
0]
+
g
(]
|
g

amb) (3.5.18)
or

-pV' (3.2.19)

The result (3.A.19) indicates the measured velocity using a

Pitot probe with the reference pressure as the ambient leads
2

to overprediction of the true velocity. For 52>> v'®,

P -P n P_ - P_; however, the quantities are not exact
P amb p s 7 -7 -

and as suggested by measurements of v'"/U", Pp - Pamb can lead
to differences in U from (3.A.17) by as much as 3% greater.

It is important to note that when turbulence levels are low
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the difference between static and ambient pressure will be
greatest and thus assuming ﬁp =Py ﬁp - P, will tend
towards the amount of largest error for the measurements,
for example, as can result for measurements in the potential
core.

The 5% uncertainty (Section 3.1.A) for the: mean velocity
results of the Freon jet take into account the static pressure
neglect; in addition to uncertainties in the density estimates
and triple correlations, equation (3.A.10). For the air jet,
the mean velocities have an estimated uncertainty of about 3%
and the rms values about 5%. The effect of neglecting the
static pressure correction, as noted above, is to overpredict
mean velocities determined with the Pitot probe. The con-
trlbutlon to the mean velocity uncertainty is (BU/aP )AP v

(AP /P )2 %. If correction of the static pressure varl-
atlons were made, the uncertainty in mean and rms velocities
would be less than 1% and 3%, respectively. The uncertainty
in the mean velocity of the Freon jet would be about 2.5% to

3%, influenced by wvariations in p'u'z.
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Reference

Becker et al
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Summary of velocity spectra results for air,
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Volumetric

Katharameter setting

i.d. (mm) intake ml/min bridge voltage (volts)
o 1 0.510 100 7.5 (high input)
® 1 0.310 250 7.5
o 1 0.310 100 5.0 (low input)
o 2 0. 685 100 5.0
® 2 0. 685 100 7.5
o 2 0.685 250 7.5
* 3 1.20 250 7.5
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1.0 x/d=3[g probe 1

o probe 3

x/d=6 | probe 1
o probe 3

1 |
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FIGURE 3.A.4 MEAN CONCENTRATION RADIAL PROFILES MEASURED
AT TWO LOCATIONS TO DEMONSTRATE EFFECTS OF
DENSITY WEIGHTING IN REGIONS OF HIGH
TURBULENCE AND WITH LOW AND HIGH LEVELS OF
MEAN CONCENTRATIONS. AS CAN BE SEEN, THE
PROFILES AT x/d=6, INDICATE THAT TOWARDS THE
JET EDGES THE WELL MIXED JET FLUID LEADS TO
REDUCED DISCREPENCIES PARTICULARY WITH RESPECT
TO THE INFLUENCE OF PROBE SIZE AND PROBLEMS OF
PREFERENTIAL DENSITY SUCTION.



122

CHAPTER 4 NON-COMPRESSING MODEL ENGINE

4.1 INTRODUCTION

Knowledge of internal combustion engines can be assisted
by experimental investigations and by theoretical and
predictive methods. The latter require the support of
measurements and the two together can be developed to quan-
tify the influences of isolated parameters. Experimental
studies involving the effects of injection pressure, com-
bustion chamber configuration, intake valve geometry and
swirl intensity in fired direct injection Diesel and motored
model Diesel engines have been reported by Kamimoto et al
(1980), Bicen (1983), Vafidis and Whitelaw (1984) and
Bicen, Vafidis and Whitelaw (1985). The emphasis has been
on the study of the pre-combustion air motion, particularly
as influenced by engine geometry and compression ratio.

The further problem of the interaction of the high
pressure, high momentum two-phase fuel spray with the swirl-
ing air in the combustion chamber of Diesel and stratified-
chérge éngines is a complex mixing process and quantification
of droplet size and velocity near the fuel injector is
difficult and, at present inaccurate. To circumvent many
of the experimental problems associated with in-cylinder
measurements, simulations have been made of the fuel in-
jection process. Steady gas jet simulations have been
reported, for instance, by Adler and Lyn (1969), Melton
(1971), Morris and Dent (1976), Witze (1980), Turns
and Rau (1982) and Tanabe et al (1982) with measurements
on centreline and radial gas velocities and gas concentra-
tion fields. The difficulty of making quantitative measure-
ments of velocity and concentration in liquid fuel sprays
has resulted in studies to improve the understanding of the
liquid atomization process and there, the importance of

nozzle design on the spray angle and droplet size have been
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characterised, for example, by Radcliffe (1953),
Bergwerk (1959), Reitz and Bracco (1979) and Wu et al
(1983). The work reported by these authors has made use
of steady flow rigs to study liquid jets issuing into high
pressure and high temperature ambient gases and as result-
ing from the typical nozzle configurations used in Diesel
engines. Studies involving details of the penetration
of liquid fuel sprays, break-up length of the liguid jet
(and transition to spray) and the empirical correlations
of the various parameters of injection backpressure, liquid
to ambient density ratio and nozzle length to diameter
ratio have been reported on by Wakuri et al (1960), Dent
(1971), Hay and Jones (1972), Lafrance (1977) and
Reitz and Bracco (1979, 1982) with the results from these
studies making clear, among other things, the significant
dependence of the resulting spray characteristics on density
ratio between the injected fuel and surrounding ambient.
More realistic studies have included the transients of the
liquid fuel injection process and have been reported by
Sinnamon et al (1980) and Takuchi et al (1983) and attempts
to measure droplet velocity using laser velocimetry close
to the nozzle of a Diesel fuel injector (where a dense
liquid core is known to exist) have been reported by Wu et
al (1983). However, experimetnal difficulties and the
large errors resulting in the measurements near the edges
of their liquid jets make it clear that obtaining conclusive
quantitative results must await further developments in
experimental techniques; Dyer (1985) and Witze and Dyer
(1986) have reviewed the state-of-the art of experimental
techniques for engine flow studies.

The effects of bulk fluid motion on fuel spray burn-
ing, flame propagation and flame development in Diesel and
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spark ignition engines has been characterised in purpose
built research engines and combusting bomb chambers as
reported by Witze et al (1984), Yule and Bolado (1984),
Hanson and Thomas (1984), Barker et al (1985) and
Kalghatgi (1985). From these studies, indications are
that the initial induction characteristics of the bulk

air motion play a dominant role on the consequent combus-
tion process and that the influence of induction swirl,

in particular, is significant. Detailed studies of the
swirl influence in simulated gas-liquid mixing and the in-
cylinder air motion of reciprocating engines have been
reported on by Tishkoff et al (1979), Lohmann et al (1979),
Witze and Vilchis (1981), vafidis (1984), Fansler (1985)
and Bopp énd Whitelaw (1985) and show that swirl imparted
on the intake air leads to the formation of three-dimensional
flow strucutres which remain present through to the end of
the compression process and these accelerate air/fuel
mixing.

The important conclusion which can be drawn from the
works which have been referenced above is that up to present,
the information of the instantaneous in-cylinder quantities
of velocities, species concentrations and temperature fields
is still limited and that progress continues to be made;
the measurements made up to the present have been in most
instances of velocity fields. Measurements of the .scalar:-
properties associated with the turbulent air/fuel mixing and
consequent combustion process have received considerably
less attention partly because of the related experimental
difficulties although recent studies have reported the use
of optically based techniques such as Raman spectroscopy,
laser-excited fluorescence and Rayleigh scattering for the
measurement of species concentration, temperature and density,
but the emphasis has been on technique development; see, for
example, Smith (1980), Cole and Swords (1980) and
Arcoumanis et al (1984).
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In the present chapter laser Rayleigh scattering and
laser velocimetry have been used to determine the velocity and
scalar characteristics of the simulation of air/fuel mixture
as a function of fuel injection timing, piston geometry, in-
duction swirl and nozzle geometry within the non-compressing
model Diesel engine for which velocity characteristics have
already been reported by Bicen (1983). A more detailed inves-
tigation of the scalar characteristics 1s reported in the next
chapter where a compressing engine is used to more realistically
represent the air/fuel mixing process. The goal of the present
chapter, therefore, is to characterize the velocity and concen-
tration fields of a simulated fuel jet and to demonstrate the
application of the experimental techniques. The flow’
configuration and ihstfumentation is described in the °
next section. The third section of the chapter presents and
discusses the results and the fourth section summarizes the

more important conclusions.

4.2 EXPERIMENTAL SYSTEM

4.2.1 Flow configuration

A line diagram of the model Diesel engine is shown in
Figure 4.1 with its geometric characteristics listed in Table
4.1. The engine cylinder was made of plexiglass to provide
optical access and the piston was driven in simple harmonic
motion by a crank and motor arrangement at a speed of
200rpm Y19, a single valve was centrally located and flush
with the cylinder head forming a 4mm annular opening for both
the intake and exhaust flow. Since the valve was permanently
open the engine was operating without compression which facil-
itated the application of the Rayleigh scattering technique
without the added difficulties associated with the time-varying

density field during compression. Swirl was induced by 60
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degree vanes located in the inlet port to give a swirl number
of 1.73 and an air filter was incorporated as shown in Figure
4.1 to minimise the presence of dust particles during the
Rayleigh scattering measurements; the filter used could
control particle intake in the range up to 2um.

The simulated fuel (Freon-12 vapour) was injected through
a nozzle bored concentrically with the valve. The nozzle
geometries, as shown in Figure 4.2, were employed to allow
investigation of the effect of initial jet angle on mass and
momentum transport. The piston geometries comprised a flat
and re-entrant (bowl-lipped) piston. Freon-12 was selected
due to its high relative to air scattering cross-section
(17.9 times that of air) which allowed adequate time and space
resolution to be obtained. Moreover, the density ratio bet-
ween Freon=l12 and air (4.2) was similar to that of vapourised
Diesel fuel and, as a result, a better simulation the air/fuel
mixing process was achieved; for example, gasified n-dodecane,
C12H26’ results in a fuel-to-air density ratio of 5.8.

The injection process was controlled by an Angar model
008 solenoid valve electronically activated by a gating system
interfaced with a microcomputer. The injection and measurement
timings were synchronized in the manner described in Appendix
C. Freon was supplied to the solenoid from a pressurized
bottle through a flow circuit which included a microfilter
(Balston 93) to filter impurities in the gas greater than lum.
The backpressure to the solenoid was kept constant at 0.377MPa.

The injection characteristics are summarized in Table 4.2
and are similar to those of the simulation study by Johnston
(1979). The jet exit velocities for nozzles A and B were 30.7
and 25.8m/s, respectively, which corresponds to Reynolds numbers
of 42800 and 40200 based on nozzle diameter and Freon-12 density
at atmospheric conditions. The jet time constant Tj, which is
defined as the ratio of nozzle radius, r,, to the jet exit velocity
uj(rj = ro/uj) and according to Witze (1980) characterises the
behaviour of impulsively started jets, was lllus for nozzle A

and 151us for nozzle B.
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4.2.2 Experimental technqgues

Concentration measurements:

The in-cylinder mole fraction distribution of Freon-12
was measured with the laser Rayleigh scattering system des-
cribed in detail in Chapter 2. In the present investigations
the argon-ion laser was operated at 0.7W and 514.5nm. The
output voltage from the photomultiplier was lowpass filtered
at 4KHz, digitized by a 12-bit A/D convertor at a rate of
30KHz and then sampled at 1OKHz by a microcomputer. Measure-
ments were initiated at 31 degrees before TDC and carried out
over a 5 degree (4.2ms) crank angle window. Data were
collected over no less than 100 engine cycles with injection
terminated in-between cycles to prevent accumulation of the
Freon-12 vapour inside the engine cylinder. The cycle data was
graphically displayed and only cycle data free from particle
scatter interference was transferred to a hard disk for post-
data processing after deconvolution of background light inten-
sity and shot noise effects (details are provided in Appendices
A and C); also see discussion in Section 4.3.1.

Velocity measurements:

A laser Doppler anemometer, shown in Figure 4.3, was used
in the dual-beam forward scatter mode to measure the injected
"fuel"” velocity field. The principal characteristics of the
optical system are summarized in Table 4.3. The voltage out-
put from the photomultiplier was amplified and filtered prior
to its input (A) to a frequency courter which was externally
triggered (C) by the measurement pulse from the gating system.
Every time the signal was exceeding the preset threshold of
the counter, a pulse was sent to channel (B) of the scope to

porvide means of monitoring the part of the Doppler burst which
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provided the frequency information. The start and stop times
of Freon-12 injection, as well as the measurement window,
were software controlled through the microcomputer interfaced
to both the frequency counter and the gating system. For the
5 degree window employedf'a sample size of 2000 was obtained
and averaged to provide ensemble mean and rms velocities with
a statistical uncertainty of less than 1%.

Both the Freon-12 flow/through the nozzle and the air flow
through the valve were seeded by a glycerol/water solution
which was atomised by a blast type atomiser to provide a satis-
factory particle size and arrival rate.

The optical arrangements for both the LRS and LDA were
motrnted on a traversing lathe bed allowing movement of the
optics relative to the fixed engine; resolution in traverse
position was 0.025mm.

4.2.3 Measurement uncertainties

The possible sources of error in Rayleigh scattering
measurements in connection with the engine flow are described
in detail in Appendix A and will not be repeated here. The
presence of particles and the uncertainty introduced by their
signal interference with Rayleigh scattered light has also
been discussed in Chapter 2. Since errors were still present
in the measured mean and rms concentration from shot noise
and background light, noise was deconvoluted from the Rayleigh
signal following the procedure of Pitts and Kashiwagi (1984)
after which the uncertainty in the mean concentration was esti-
mated to be 5% with a maximum uncertainty of 10% in the rms of
the concentration fluctuations. The uncertainty in the present
work,due to the effect on the signal by the plexiglass surface,
is accounted for in these values and is discussed in detail in
Appendix B.

The most important source of error in the velocity

measurements was velocity-gradient broadening due to the non-
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linear and steep velocity gradients present at the edges of
the transient Freon jet.. It is estimated that this error
source can introduce uncertainties up to 10 and 15% in the

mean and rms velocities, respectively.

4.3 RESULTS AND DISCUSSION

The mean and rms Freon-12 jet velocity and concentration
results are presented in Figure 4.4 through 4.13 in the form
of instantaneous distributions and centreline and radial
profiles. The centreline and radial profiles were obtained by
ensemble averaging data over a 5 degree crank angle window
centred at-28.5 degrees before the top-dead-centre (TDC)
position of the piston (Figure 4.4 shows two in-cycle temporal
ensembles). The in-cycle characteristics on which the spatial
ensemble results were based (Figures 4.7 - 4.13) are repres-
ented on the axis of the exit plane and at downstream
locations by Figures 4.5 and 4.6, respectively. The results
of these figures show in-cycle (instantaneous) traces of Freon
concentration and exhibit similar characteristics to those reported
by Tanabe et al (1982) in their study of the transient concen-
tration in a hydrogen jet. The scalar characteristics of
Figures 4.5 and 4.46. (and those of Tanabe et al, for instance)
further show that these are similar to those for typical
instantaneous velocity traces as reported, for example, by
Witze (1980) and Tanaka (1984). Wong (1986) has also obtained
similar instantaneous velocity traces for the particular
nozzles of the present investigations. The ensemble averages
of velocity and concentration are based on averaging along
the plateau (steadying) region after the initial transient
rise, Figure 4.4. The decrease in jet fluid concentration with
increased axial distance from the nozzle is made clear by
Figure 4.6, which is also typical of the resulting character-

istics with increased radial distance away from the centreline.
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The ensembled centreline results for velocity and concen-
tration have been made non-dimensional by normalizing mean
values by the corresponding values at the first measured
location of velocity (UO) and mole fraction (xo). The rms of
the velocity and concentration fluctuations have been normal-
ized by their local mean values; in the case of the concen-
tration results, this normalizing represents the un-mixedness
as discussed in Chapter 3. For the radial profiles, mean and
rms quantities along the measured radial planes have in all
cases been normalized by the respective mean centreline
velocity or concentration at the plane of the measurements.
The axial coordinate is x/d where x is the axial distance and
d the nozzle diameter and the radial coordinate is r/d where

r is the radial distance measured away from the centreline.

4.3.1 Centreline distributions

Figures 4.7 and 4.8 show centreline distributions for
nozzles A and B with a flat piston and Figure 4.9 for nozzle B
with the re-entrant piston. The results for the centreline
decay of the transient fuel jet show consistently that different
decay rates exist for ‘the velocity and concentration field;
the latter being greater than the former. The axial velocity
decay is very slow and is indicative of the high momentum-
dominated jet flow but the concentration decays much faster
and confirms similar observations . made in steady jet flows
and is independent of the density ratio between the jet fluid
and that of the ambient; similar results in steady jets have
been documented by Sforza and Mons (1978) and are also shown
by the results of the steady jet measurements in Chapter 3.
That the rate of decay along the centreline of these
transient jets appears nearly constant is in part due to the

normalizing quantities used and is explained below.
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Differences between results for the two nozzles are clear
in that the decay of nozzle B is slightly greater than that of
nozzle A. The non-dimensional results of mean concentration
values are based on normalization by the first measured point
which, in the case of these concentration measurements, was
limited by the proximity of the LRS laser beam to the nozzle
exit. The face diameter of nozzle B was greater than that of
nozzle A and since both nozzles were made of brass the back-
ground light due to reflection differed in both cases; greater
for nozzle B and it was significant in terms of the effect on
the LRS signal. Through experience gained at a later stage,
this problem was circumvented by painting all interior com-
ponents of the model engine with non-reflective black paint
which minimized and equalized reflections. The greater decay
of the jet from nozzle B is to be expected due to the larger
diffusing angle over nozzle A and in the present case is
supported by the measure of radial spread (discussed in the
next sub-section) for both the velocity and concentration
fields.

Comparison of the mean values of velocity and concentration
obtained with a re-entrant piston and a flat piston, shows that
the effect of the fuel jet impingement on the flat piston leads
to increased mixing and suggests that the increased penetration
distance (in the case of the re-entrant geometry) alters the
jet centreline velocity more than the centreline concentration
decay. Differences in the radial characteristics of concen-
tration do result, however, and these are discussed below.

The increase in centreline velocity of the fuel jet results
from the jet flow moving towards the smaller diameter entry of
the piston bowl, Figures 4.8 and 4.9.

The centreline concentration rms XY/X shows that the un-
mixedness of injected fuel is less with the flat piston case
than with the re-entrant piston. This is made clear by the
faster asymptotic behaviour shown with the impinging jet on the

flat piston where constant levels of Xyi of about 6% result at
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closer distance to the nozzle than those obtained with the re-
entrant geometry. The velocity rms u/y shows similar trends
for both piston types, with slightly lower values resulting
near the re-entrant piston due to the local increase in the
normalizing value of mean velocity, U. The consistently
higher levels of uYU obtained near the jet exit plane are in
agreement with the higher turbulence intensities reported for
pulsating jets relative to steady jets; see, for example,
Binder and Favre-Marinet (1973). Witze (1980) reports similar
values for the uYU0 exit values as found here (v12%). It can-
not be said, however, that exit wvalues of uVIL as referred to
here, and in other impulsively started jet studies, are
associated with a location in the velocity potential core since
a potential core is difficult to define due to the finite open-
ing and closing times of the solenoid (Bremhorst and Harch
(1979)). The problems in defining a potential core in impuls-
ively started jets haVe been discussed at some length by Witze
(1980) and we agree with his conjecture, that a well defined
potential core, in the sense of steady jets (see, for
example, discussions in Chapter 3), may at times not exist in
impulsively started jets if the on-time for the jet is very
short. *

Difficulties are also expected in defining a potential
core for the concentration field. For the measurements reported
in the present: chapter, the concentration rms values X' were
defined relative to Xb by assuming that the rms value obtained
at the first centreline measurement location (Xc;)CL was that
associated with the mole fraction "potential core" and that
(X'o)CL should theoretically be zero. Thus, the quantified
values for (XC'))CL were considered as noisg and deconvoluted
from the downstream values Xj by {(Xé - (Xéz)CL(i/io)}% ip
order to obtain the wvalues of X% see also, Arcoumanis et al
(1984). As a post-prognosis, this definition of X'is not
necessary, since the assumption that the first measure-
ment location is associated with the mole fraction potential

* In the present case the jets result from opening the solenoid for 7ms
leading to a total transient jet time of v 17ms, Figures 4.4 - 4.6
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core is not accurate. The relative values of X'are thus

2 —-—

t )CL(X/XO). The
magnitude of XYX cannot, therefore, be compared directly to

different from the true rms by the term (Xg

the magnitude of u'/ﬁ. In fact when the results of the concen-
tration measurements of the next chapter and those of Chapter
3 are considered, the magnitude of X/X values tend to be
greater than uYy as should be expected from the steady jet
results (Chapter 3) and from other concentration measurements
reported for impulsively started jets (for instance, Tanabe et
al (1982)). There the centreline scalar intensities are con-
sistently greater than those of the longitudinal velocity in-
tensities.

Since the measurements made here were quantified on-line,
the exact values of XYX cannot be presented but on the
basis of the results of Chapters 5 and 6 estimates can be made
and these show that the values for-XVi in the proximity of the
piston should be about 25% (in contrast to the 10% levels
shown in Figures 4.7, 4.8 and 4.9) and that near the exit
plane of the nozzles, X/X should be about 12% to 14% for
nozzles A and B, respectively. The spatial distribution of
Xyi is correctly shown with respect to the trend of increasing

values of XYX with downstream distance.

4.3.2 Radial distributions

Radial distributions for mean and rms velocity and con-
centration for nozzles A and B with a flat piston and with
fuel-injection initiated at 40 degree BTDC are shown in Figures
4.10 and 4.11. Figures 4.12 and 4.13 show radial results for
mean and rms concentration for the case of nozzle A with the
re-entrant piston and with fuel injection initiated at both
40 degree BTDC and at 10 degree ATDC. The main difference in

radial characteristics between the flat and re-entrant piston
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is in mean spread with only slight differences resulting bet-
ween the rms distributions and this is shown by comparison of
Figures 4.10, 4.12 and 4.13. Differences in mean spread also
result as a function of injection timing as the results of
Figures 4.12a and b show. With fuel injection initiated at

10 degree ATDC, a wider mean profile results and is independent of
piston configuration. This is partly expected from the radial
pressure exerted on the jet when the piston motion is towards
the jet in contrast to when the piston is moving away.
Independent of injection timing, a larger radial spread in

mean concentration results with the re-entrant piston; similar
influences of the piston geometry are found for measurements
made in the compressing engine of the next chapter and a more
complete discussion is provided there explaining the causes

and effects of piston type on fuel spread with the additional
variable of dissimilar nozzle geometries. The influence of
nozzle geometry is made clear by the mean velocity and concen-
tration results of Figures 4.10 - 4.11 where the greater spread
of the fuel jet results with the larger diffusing angle of
nozzle B. The most important feature of these results is the
differences between the spread of the velocity field and concen-
tration field and the differences between the region of maximum
shear 3U./3r (associated with the maxima in the velocity rms) and
of maximum concentration gradient. As shown by Figures 4.10
and 4.11, the concentration gradients ai/ar attain their maxima
at radial locations r/d which are greater than those for the
velocity; consistently the concentration rms maximas are at
larger r/d values. At the near exit location (Figures 4.10a
and 4.l1la) the scalar rms exhibits much greater change between
the centreline level and the radial maxima than the velocity
rms, with the latter more gradually increasing to its maxima.
It is interesting to note that the rms characteristics of
velocity and concentration of these transient jets are similar
to the trends of the steady jet results of Chapter 3. As

noted in the above discussions for the centreline results,

comparison of magnitudes for the concentration and velocity
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rms cannot be made directly. However, the ratio of maximum
rms to centreline rms for the velocity and concentration
(i.e. xﬁAx/XéL and ﬁﬁAX/uéL) tends to aboet 1.25*1n contrast
to those for the concentration whichshow that XﬁAx/xéL tends
towards values of 1.8 for the same near exit locations.
Further downstream the quantities uﬁAx/uéL are less but with
the mole fraction rms ratio remaining greater.

Table 4.4 presents a summary of the radial results of
mean concentration spread in terms of the characteristic parameter
rl/z/ro,‘where rl/2 is the radial location at which the con-
centration reaches one-half its centreline value. Results
are shown for the influence of nozzle and piston geometry and
injection timing. It is clear that with nozzle B having a
larger initial angle, greater spread of fuel results into the
cylinder as valuesofiﬁ/y&b indicate. Moreover, with a re-
entrant pistontheJanﬁQ) values are also shown to increase and
the effect of piston geometry remains consistent independent
of initiation timing of fuel injection. Differences are small
near the piston hupbq/ga values between the results obtained
with the different nozzles and a flat piston.

4.4 CONCLUSIONS

The main conclusions which can be drawn from the in-
cylinder investigation of the velocity and "fuel" concentration

fields are as follows:

1. The transient gas jet of Freon-12, like the steady
turbulent jets of Chapter 3, revealed a scalar field which
spread and decayed more rapidly than the vector field.

2. Both the spread and decay of velocity and concen-
tration had a marked dependence on nozzle geometry. The larger
the initial angle the greater the fuel spread.

* This value is typical for the velocity results obtained with different
nozzles



136

3. Independent of the initiation time of fuel injection,
greater mean spread of fuel concentration results with a re-
entrant piston over a flat piston but with the rms intensities
less influenced. With injection timing at 10 degrees ATDC and
independent of pistor geometry, greater spreading of mean con-
centration results and with differences in the characteristics
of radial rms distribution, however, the maxima of rms in-
tensity remain similar in all cases.

4. Impingement of the fuel jet on the flat piston leads
to faster and more uniform mixing as indicated by levels of
the mole fraction un-mixedness. With the re-entrant piston,
the increased penetration distance delays the impingement
process resulting in slower mixing as indicated by higher
levels of mean velocity and concentration and the slower
development of asymptotic behaviour of the velocity and con-

centration rms centreline distributions.

5. The application of an intensity based experimental
technique such as LRS requires great ‘care. With this proviso,
the experience gained in the present investigations Jjustifies
the application of LRS to the simulation study of air/fuel
mixing in reciprocating engines, as described iﬁ the following
chapter. '
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TABLE 4.1 Geometric characteristics of model Diesel engine

Bore, mm 75
Stroke, mm 60
Clearance (TDC), mm 30

Intake/exhaust valve
Diameter, mm 34

Seat angle, degree 30

TABLE 4.2 Injection characteristics

Injection timing, deg. BTDC 40
Injection duration, degree 17.5
3

Injection mass, kg/s x 10
Nozzle A 1.41

Nozzle B 1.48
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TABLE 4.3 Characteristices of laser Doppler anemometer

Half angle of intersecting beams, deg 6
Fringe spacing, um 3

Diameter of intersection region

at e-2 intensity, um 125

Length of intersection region

at e_2 intensity, um 1190
Number of stationary fringes 41

Frequency shift, MHz variable up to 6
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TABLE 4.4 Influence of nozzle and piston geometry and

injection timing on jet spread

Nozzle Flat Piston Re-entrant Piston

X (mm) rl/z/ro <X (mm) r1/2/ro

I Injection initiated at 40° BTDC

A 6 1.176

12 1.282 12 1.324

18 1.364

24 1.530

27 1.90 27 2.20
B 8 1.210

12 1.346

16 1.394

24 1.842

28 2.0

II Injection initiated at 10° ATDC

A 12 1.353 12 1.471

24 1.676
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CHAPTER 5 COMPRESSING MODEL ENGINE

5.1 INTRODUCTION

This chapter presents experimental results of the simul-
ated fuel-injection process carried out in the presence of
compression in a motored model Diesel engine similar to that
reported in Chapter 4 but where measurements were obtained in
the absence of compression. Laser Rayleigh scattering was
employed to quantify the in-cylinder mole fraction of simulated
injected fuel and laser Doppler anemometry was used to measure
the exit plane velocity for the fuel jet from different nozzle
geometries. The investigations have been made with the engine
operating at compression ratios of 3.5 and 6.7 and with and
without induction swirl. The effect of piston geometry has
also been investigated with the use of flat, cylindrical bowl
and re-entrant (bowl-lipped) pistons.

The flow configuration and experimental system is described
in the next section. The results obtained with the engine
operating at a 3.5 compression ratio are presented in section
5.3 and those obtained at a compression ratio of 6.7 in section
5.4. The more important conclusions are feported in section
5.5.

5.2 EXPERIMENTAL SYSTEM

5.2.1 Flow configuration

The operating characteristics of the plexiglass model
engine are summarized in Tables 5.1 and 5.2 for the 3.5 and
6.7 compression ratio (CR) cases respectively. The in-cylinder
pressure field and a detailed characterization of the in-
cylinder air-motion and velocities have been reported
by vafidis (1986). For the 3.5 CR measurements,Freon-12 vapour
was used to simulate fuel as noted in Chapter 4 because of its

high density relative to air (pFreon/p v 4.2) and the

air
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large Rayleigh scattering cross-section of Freon-12 molecules
Freon/oair = 17.9). For the investigations
made in the 6.7 CR case, the low vapour pressure of Freon-12

relative to air (o

made its use unsuitable and an alternative gas SF6 (sulfur
hexa fluoride) was used. SF6 was chosen because it too has a
air v 5.1) and its
Rayleigh scattering cross-section is also relatively high

large density relative to air (DSF /p

(GSF /cair v 6.7). The simulating fuel was injected through
a nozzle inserted in the centre of a single axisymmetric valve,
which was operated by a dual cam and rocker mechanism and used
for both the intake and exhaust flow during the four strbke
engine cycle. Measurements were obtained with the four nozzles*
shown in Figure 5.1. Control of the fuel injection and synch-
ronization of all real-time information was carried out in the
same mannef as in the non-compressing engine investigations
and is described in Appendix C.

Fuel was injected and measurements carried out in every
second four stroke cycle so as to avoid accumulation of the
injected fuel vapour. The injection characteristics are
summarized in Table 5.3 and are similar to those of the non-
compressing engine studies. The injector system comprised a
solenoid valve (Angar Model 008), a 3.2mm diameter hole along
the axis of the valve stem and one of the four nozzles mounted
flush with the valve face. The backpressure was maintained
constant to define the same pressure drop across the nozzles
at both the 3.5 and 6.7 CR (AP = 0.101 MPa) and the injection
time was 16.7ms, corresponding to approximately 20° of crank
angle. A gated laser velocimeter (see Chapter 4) was used to
determine the exit-plane velocities. For the Freon, with
injection into atmospheric air, these were 37.7, 30.9, 57.0
and 85m/s with nozzles A, B, C and D, respectively, and imply
Reynolds numbers of 52600, 48200, 23400 and 17600. With
injection into the compressing engine, these values were
reduced to approximately 17.5, 14.0, 38.0 and 64.0m/s, with

* The diverging nozzle geometries were chosen to similarly investigate the
effect of initial jet angle but with injection of the fuel jets into a
campressing engine (in contrast to a non-campressing engine). The con-
verging nozzles were chosen since their size and characteristics are more
tlypical of actual geametries in Diesel injectors.
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corresponding Reynolds numbers of 81800, 74400, 53100 and
44750; the in-cylinder mass of Freon injected for nozzles A,
B, C and D was 45.6, 45.6, 8.57 and 3.7mg. Since the acoustic
velocity for the Freon and SF6 was greater than 150m/s, the
nozzles did not choke. A check of the SF6 velocities showed
that these scaled by the square root of density ratio between
Freon and SF6 (as expected from Bernoulli's law), thus,

USF n 0.91UFreon and was constant since AP was constant for
all the cases investigated. The corresponding injected mass
values of SF6 were about 0.86 times that of Freon. .

The in-cylinder pressure associated with the 3.5 com-
pression ratio reduces the jet exit momentum to around 0.55 of
that at atmospheric pressure and that with the 6.7 compression
ratio to about 0.38. The implications of reduced momentum
for similar operating conditions (backpressure and injection
timing as used at atmospheric conditions) are increases in
mixing and spread of the jet equivalent to an upstream shift
in its virtual origin. This is due in part to the increase in
density of the in-cylinder air which leads to a faster rate of
decrease in the initial jet momentum* and results in
faster jet spread and decay. It is interesting to note that
Reitz and Bracco (1982) reported similar increases in jet
spread and decay for their liquid jets issuing into pressurized
surroundings and this has also been observed by Siebers (1985)
in his work with liquid fuel jets injected into a simulated
engine environment prior to combustion. Similar observations
have been reported for investigations at critical pressure
and temperature for atomising liquid jets, see Newman and
Brzustowski (1971), and for steady gas jets by Birch et al
(1978) and Pitts and Kashiwagi (1984). The momentum of the
present jets are slightly lower than reported for the non-
compressing investigations of Chapter 4 but still higher than
that of Johnston (1979).

* Equivalent to the effect of decreasing the density ratio between the
fuel and air
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5.2.2 Optical and signal processing systems

The in-cylinder mole fraction distribution of Freon-12
was measured with the laser Rayleigh scattering system des-
cribed in Chapter 2. A line diagram of the optical arrange-
ment and signal instrumentation is shown in Figure 2.1. In
the present investigations the argon-ion laser was operated at
1.0 W and 488nm. The output from the photomultiplier was
bandpass filtered (4KHz cut-off) and input to the data
acquisition system through an A/D converter at a rate of
30KHz; sampling was carried out by software with a maximum
rate of 16KHz. A second signal from a pressure transducer was
sampled simultaneously with the photomultiplier output. Vari-
ations in engine speed, in-cylinder pressure at the start of
injection and peak cycle pressure were monitored in each cycle
and were consistent within 1% and 0.001 MPa,.respectively. Freon
(or SF6) was used to fill the eng:lne cylinder at the beginning of each
experiment to check for systematic errors as would be indicated by differences
in scattering intensity ratio between fuel and air (Ifuel/Iair) relative to
theoretical values; discussed further below.

5.2.3 Sources of error and uncertainties

The sources of error in laser Rayleigh (LRS) scattering
measurements have been documented in detail in Appendix A,
additional sources in the present application include variations
in cylinder pressure and gas temperature. In addition, droplets
may give rise to scattered light which has to be distinguished
from the molecular (Rayleigh) scattered light.

For a binary mixture at constant temperature and pressure,
a Rayleigh signal is based on variations in the effective total
mixture scattering cross-section and thus, mole fraction. 1In
the engine, the time-varying process requires that the signal
be analysed at the instantaneous thermodynamic state at which
scattering occurs. Calibration measurements under both static
and time-varying conditions made with concentrations of
Freon-12 and air of 20%, 40%, 60% and 80%, confirmed the
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expected linearity between pressure and intensity in the case
of the 3.5 CR engine.

The static measurements were made with a pressure vessel
having optical access while the time varying results were
obtained with the engine running; for the latter, the head
was covered with a polyethylene bag and provision made for
the intake gas to be varied. To ensure that the mixture con-
centration did not change, the scatter intensities before and
after running of the engine were determined and found to be
within i'0.5% of the expected values. Comparison of the static
and time-varying results showed rms deviations of less than
1.5% and these were attributed to the sudden rise in gas temper-
ature during compression which was small in the 3.5 CR measure-
ments.

The temperature influence on the LRS signal was large for
the engine operated at a 6.7 compression ratioc and interpretation
of the signal followed from calibrations as reported in Appendix A,
section A.3. An example of the time varying calibrations for the 3.5 CR engine
with Preon-12 is shown in Figure 5.2 (see also, Figure A.2).

Systematic checks were made during the measurements to
ensure that the scatter intensity ratio between pure Freon and
air remained constant (16 t 0.05)." This ratio is slightly
lower than the commonly reported value of 17.9 and due to

/I = /oa

Freon’ "air 9Freon
where I 1is the detected Rayleigh scatter intensity of the

impurities in the Freon; note that I ir
respective gases deconvoluted from noise. Similar checks were
made when the SF6 gas was used and results there indicated
better agreement between the expected scattering ratio and

that measured (i.e. Ogp /oair = 6.7).

Scattering from so?id particles (e.g. room dust) was
readily identified and removed when the intensity wvalues were
greater than that of pure fuel gas. When particle intensities
fell below this maxima, the digital filtering techniques des-
cribed in Chapter 2 were used and resulted in a mean uncertainty

of around 1.5% and about 3% for the rms.
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The measured pressure~influenced signal intensities were

corrected to atmospheric value according to the equation

(I (elP) - I )
I (8) = —2 B (5.1)
g P

where Ig(e) is the equivalent instantaneous gas mixture
scatter intensity at 1 atm, IBﬂthe averaged optical background
at the measurement location (detected using helium), and P the
absolute pressure at the crank angle 6. It was possible in
most instances to set IB = 0. The transient temperature error,
introduced into the measured pressure, is around 0.005 bar and
can be combined with the overall uncertainty in the pressure
measurements to give a maximum error in the quantified mole
fraction of less than 1%, assuming that in-cycle temperature
effects are negligible. The more general form for the scatter
intensity of the fuel/air mixture accounting, in addition, for
the influence of temperature as occurs in the 6.7 CR investi-
gations, shows that neglecting temperature effects can lead to
as much as 12% of unity uncertainty.

The photon count rate estimates in the present case Np
(Appendix A.2) along with the cut-off frequency Af = 4KHz,
define a signal to noise ratio (SNR) = (NP/ZAf)% of about 233
or a relative uncertainty given by 1/(SNR) of 0.45%. For the
pure air signal the relative uncertainty is about 2% and the
corresponding SNR is 51. At the pressures of the measurements,
the SNR values are improved by a factor of about (P);i thus,
the effects of photon statistics on higher statistical moments
(i.e. variance, skewness and kurtosis) are very small. More-
over, electronic shot-noise effects at pressures as found in
the engine should be about 1% but, since the mole fractions
are defined relative to atmospheric conditions (equation (5.1)),
shot-noise uncertainty is more likely to be about 2%. Having
obtained the corrected signal values for the Rayleigh scattering
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intensities (Ig(e)) the mean mole fraction is related to the
ensemble of the signal intensities by

g (5.2)

<0 |e<l
|

where the subscript (o) refers to a reference state and the

normalized rms intensity is given by

" (1 .z)%
2 = __g____ (5.3)
X, Igo

and (Ig'z)% represents the rms of the signal after deconvolution
of shot-noise effects and photon statistics. The results of
the next section as respresented by equations (5.2) and (5.3)
have an estimated uncertainty in mean concentration (5.2) of
less than 3% with a maximum uncertainty in the rms of the con-
centration fluctuations (5.3) of 7%. When there are influences
of temperature on the LRS signal, corrections following the
discussions in Appendix A must be applied or uncertainties
increase to 10% and 15%, respectively, for the mean and rms values;
at 6.7 CR the uncertainties are 5% and 10% for mean and rms.
The ensembled mole fractions do not lead directly to mean
mass fractions as they would under constant temperature and

pressure conditions where the mass fraction Y is approximated

by

_ (at+l)X
GX+1 *® o o

]|
|
+

(5.4)

with o = (pj/po - 1) and pj and Po the density of the jet and

surroundings, respectively. In the engine flow p = p(P,T) and
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X is the average mole fraction centred at some crank angle ©
over the interval A8, In the limit of A8 + O the mean mass
fraction would be:

(a(®) + 1)X
a(e)X + 1

Y (8) + vee (5.5)

and a(6) = (pj(e)/po(e) -1) where p = p(P(8),T(8)) = p(8) is
the corresponding gas density defined at a state P(8), T(©).
With the assumption of ideal gas behaviour for both the fuel
and air, pj(e)/po(e) =_Mj/Mo where M is the molecular weight
of the gases and thus Y is accurate to within the approximation
of equation (5.4). Values of ¥ have been obtained in terms of
0 (8) for both ideal and actual gas behaviour of the fuel and
air and indicate that an underestimation of 4% is present at
low values of X, while the underestimations are within 2% at
larger values of X; we note that the higher order terms
associated with equation (5.4) will introduce further errors
at the lower values of X. Similar analysis of the mass
fraction fluctuating intensities, ¥Y' = £(X'), indicates that
they can be underestimated by up to 10%.

5.3 RESULTS FOR 3.5 CR ENGINE

Results for the Freon concentration field are presented
in Figures 5.3 through 5.17 in the form of temporal distributions
and centreline and radial concentration profiles. The ensemble
averaged in-cycle fuel concentrations for three nozzles are
shown in Figure 5.3. These were obtained at the same axial
location (x = 5mm) on the centreline and indicate the faster
decay and mixing expected with the initially lower mass of
injected fuel of nozzle C and the greater mixing of nozzle B

relative to nozzle A due to the increased diffusion angle of
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nozzle B. The decay in centreline concentration distributions
with downstream distance is represented by Figure 5.4.
The results of Figure 5.3 and 5.4 are based on instant-

aneous fuel-injection signals over 104

engine cycles and
examples for nozzle A at a centreline location of x/d = 2.47
(x = 8.4mm) are shown in Figure 5.5; both the pressure-
influenced signal (Figure 5.5(a)) and corrected signal (Figure
5.5(b)) are shown. The start time of injection is consistent
for each cycle and the measured injection duration is
effectively constant (l6.7ms).

The results of Figure 5.5 may be compared with the non-
compressing results of Figure 5.6 and confirm that the penet-
ration of the jet into compressed air is less than that in
atmospheric air with increased jet decay and spread as expected
from steady-flow results such as those of Chapter 3.

The spatial distributions of the mean and rms of the con-
centration fluctuations of Figure 5.7 to Figure 5.17 are based
on ensemble averages over a 10 degree crank angle window A8
centred at 21 degrees before TDC and, as can be seen from the
downstream results indicated by Figure 5.4, this averaging
window consistently defines a region of characteristic behaviour
for the fuel injection process. Averaging was also carried out
witha 5 degree window centred at 21 degrees before TDC and com-
parison with the 10 degree results showed no differences. The
choice of a 10 degree window improved the data acquisition rate
and permitted more statistically accurate results to be
obtained.

In the following sub~sections discussion of results is
presented first in terms of general characteristics of centre-
line and radial profiles followed by more detailed discussions
of the effects of nozzle and piston geometry and swirl. The
final sub-sections analyse the fuel jet spread and scaling of
the centreline and radial profiles.
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5.3.1 Centreline characteristics

In Figure 5.7 results are presented for the mean and rms
mole fraction concentration corresponding to three nozzles
and with a flat piston and for nozzle A with a cylindrical
bowl-piston geometry; the mean values are normalised by the
exit concentration i/io, where io = 1 is the exit mole
fraction. The mean concentration characteristics of Figure
5.7 (a) indicate results similar to those of free steady-jets
where rapid initial decay of concentration is followed by a more
gradual decay rate. The large distance represented by the ratio
of piston clearance to nozzle diameter suggests that
similar behaviour of centreline concentration decay as found
for free jets should exist; similar observations have been made
for the centreline velocity field of impinging jets as reported
for example by Gutmark et al (1978) and Amano and Brandt (1984).
Analysis of the results of Figure 5.7 (a) show that the initial
decay of concentration for nozzle C is greatest and that when
the penetration distance is increased, as results with a
bowled-piston, the initial decay is decreased as compared to
the results for nozzle A with a flat and cylindrical bowled-
piston indicate. Thus, a decrease in piston clearance leads
to faster decay because of faster jet impingement onto the
piston face. Further analysis shows that the downstream decay
of mean concentration is greater for the larger diffusion
nozzles A and B over that which results for the convergent
nozzle C. A detailed comparison of these centreline results
is provided below by considering the differences in
their spread rates. Towards the downstream region near the
piston, the mean concentration levels for nozzle A and B
become more independent on upstream conditions. The concen-
tration levels, however, remain higher for nozzles A and B
due to the greater mass of fuel initially injected over nozzle
C.

The rms distributions of Figure 5.7 (b) are presented in
terms of the local rms divided by the local mean concentration,

X/X, and this is referred to as unmixedness as discussed in
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Chapter :3. As can be seen, the initial rise in X/X tends,
with respect to the amount of mixing achieved, to a constant type
behaviour. The distance from the nozzle at which the cons-
tant behaviour begins to occur is influenced by the degree
of mixing and associated rate of concentration decay. It is
observed that with the lower mass of injected fuel associated
with nozzle C, mixing is more rapid for fuel with air and
results in the fastest constant behviour_and lowest

levels of X'/i. In contrast, the case of nozzle A with
the bowled-piston (which results in the slowest mixing due in
part to the increased penetration distance) indicates a slower
growth towards constant behaviour in the characteristics of
XYX. Moreover, the increased spread and thus mixing of the
fuel jet from nozzle B over nozzle A, due to the increased
diffusing éngle of nozzle B, also shows a consistent trend in
the resulting behaviour of XYX. Normalising the local values
of the rms X' by the exit mean mole fraction (i.e. X, = 1.0)
shows, as expected, that values of Xyio decrease with distance
from the nozzle with values for nozzle A and B tending towards
9% rms and those for nozzle C to around 3%. These values
suggest, when compared to similar results obtained in the non-
compressing engine that the effect of compression through
increase of the in-cylinder air density results in decreased
penetration of the fuel jet and increased mixing, in parti-
cular, as lower values of XVio result near the piston and

indicate a more homogeneous air-fuel mixture.

5.3.2 Radial characteristics

Radial profiles of mean and rms concentration for nozzles
A, B and C, obtained with a flat piston are shown in Figures
5.8, 5.9 and 5.10, respectively. The mean radial distributions
are normalised by the centreline value of concentration. These

radial profiles show that the rate of decay 3X/dr decreases
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with downstream distance as indicated by the broadening of
mean profiles and is consistent with the variations in mole
fraction close to the cylinder axis. The rms quantities tend
toward a maximum and then decrease with the ratio xéax/XéL not
exceeding 1.15, although, in steady Jjets this ratio can be as
high as 1.35 for jets having a density less than the surround-
ings. The present results indicate that the increased rate

of momentum decay (due to the increase in air density)

and the transient nature of the fuel jets, can lead to a .
result of more ihtensive mixing for ‘an initially heavier density
fuel jet. 1In addition, examination of the probability density
distributions (pdf) of the ensembled values of the mole fraction
showed that they were skewed towards the lower values, in a
manner consistent with pdf's for the velocity characteristics of
steady jets or the concentration characteristics of the steady
jet of Chapter 3. The larger diffusing angle of nozzle B over
nozzle A results in greater spread for nozzle B which associ-
ates itself with the increased mixing evident in the results

of Figure 5.7 and thus reduced spread rates result downstream
as indicated by analysis for the spread rate for nozzles A and
B; note that with nozzles A and B the same mass of fuel is

injected.

5.3.3 Effect of nozzle type and piston geometries

The bowl-lip piston with nozzle A (Figure 5.1la) results
in a mean concentration of 0.90 at x/d = 2.35 (x = 8mm),
similar to that obtained with a flat piston, and with both
pistons the mean concentration level decays to about 0.4 near
the piston. In contrast, nozzle C with a bowled-lip piston
(Figure 5.12a) leads to a mean concentration of about 0.45 at
x/d = 5 (x = 5mm) which, in contrast to nozzle A, gradually
decays towards the entrance of the piston until it reaches an
asymptote of about 0.20 beyond x/d = 25 (or x = 25mm). More-
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over, with nozzle A, mean concentration is higher with a bowled
piston geometry but the opposite behaviour is okserved with
the nozzle C results; the nozzle B results are consistent
with those of nozzle A and those for nozzle D are consistent
with nozzle C. For nozzle C, the centreline rms, X', normal-
ised by the mean exit concentration io is about 5% at x/d =

5 and as shown by Figure 12b decreases gradually downstream
to a value of 1.5% near the piston. With nozzle A (Figure
5.11(b)) the centreline value of xyio rises quickly from 6% to a
maximum of around 12.5% and decreases gradually to around 10%
near the piston. The low rms values for nozzle C near the
piston suggest well mixed fuel and air and are consistent with
the rapid initial mixing of injected fuel with nozzle C.

Figures.i5.13-.and 5.14 show the radial profiles for mean
concentration for nozzles A and C at x/d = 2.35 and x/d = 5,
respectively. For nozzle A (Figure 5.13a):« the jet
spread is greatest with the flat piston as expected from the
increased mixing associated with impingement on the piston;
for the bowled pistons the jet has to penetrate into the bowl
before increased mixing results. These trends in radial spread
reverse in the case of nozzle C (Figure 5.l1l4a). With the con-
vergent nozzle C and D, the squish generated by the bowl-lip
piston increases the extent of fuel mixing before the fuel jet
penetrates into the bowl. These trends agree with the ocbserv-
ations of Witze (1980), who showed that the larger the time
constant of a transient jet, the greater the inertia of the
leading vortex relative to forces impeding its progress.

The rms values tend to be slightly lower with the bowl-lip
piston for both nozzle types (Figures 5.13b and 5.14b) and due
probably to the squish effect introduced by the bowl-lip geo-
metry and the resulting increasein air entrainment. The in-
cylinder flow field velocity measurements of Vafidis (1986)
confirm that differences do exist in the cylinder velocity
field dque to the piston configuration; lower rms levels are
observed with bowl-piston geometries.
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5.3.4 Effects of swirl

Centreline distributions in the presence of swirl
(Figures 5.11 and 5.12) show that the swirl increases the decay
rate of mean mole fraction. In the case of nozzle A with a
bowl-lip piston (Figure 5.l1la), the mean concentration near
the nozzle at x/d = 2.35 is reduced to 0.49 of the exit wvalue
in the absence of swirl and the percentage difference is
almost constant at higher values of x/d. Similar results are
indicated on Figure 5.1la for the flat piston with and without
swirl. With the flat piston geometry, the combined effects of
impingement lead to fast centreline concentration decay as
indicated by levels of mean concentration as low as 5% near
the piston. With the added effect of swirl, momentum is trans-
ferred to the air which is entrained into the fuel jet with
consequent reduction in the fuel jet penetration rate. Similar
effects were observed by Sinnamon et al (1980) in their experi-
mental and calculation results. Characterisation of squish and
swirl effects on the air-motion in cylinder assemblies has been
made, for example, by Witze (1980), vafidis (1984) and Fansler
(1985). The general indications are that the complex inter-
action of swirl with squish has an effect as found here on the
extent of the jet penetration and spread. Moreoever, the three
dimensior:al flow structures known to remain through TDC can be
expected to dominate the air-fuel mixture dynamics and diff-
erent induction swirl levels may be expected to result in
different mixing strengths. The effect of swirl can also be
viewed as resulting in an increase in shear of the jet boundary
thus accelerating its radial growth.

The radial distributions of mean concentration (Figures
5.13a and 5.14a) indicate that, independent of piston and
nozzle geometry, an increase in jet spread results in the
presence of swirl; the differences which result are observed
to be greater with the bowled piston geometries. With a bowl-

lip piston, the diffusing nozzle A gives rise to a character-
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istic jet spread (defined by rl/z/d) of the order of 3.6 times
greater than that in the absence of swirl and in increase of
the order of 1.26 times found with the flat piston; rl/2 is
the radial distance at which the mean radial concentration is
one-half the centreline value at the same axial location.

The rms intensities defined by X'/)-(CL obtained with the
diffusing nozzles (nozzle A and B) do not exceed 18% (Figure
5.13b). The rms guantities tend to increase with radial dis-
tance but the near nozzle value of X'max/X'CL does not exceed
1.3 and this value is similar to the value of 1.31 obtained
by Pitts and Kashiwagi (1984) in their steady methane jet
investigation. In the presence of swirl, the radial rms dis-
tribution are similar for both piston types (Figures 5.13b and
5.14b) in contrast to when swirl is absent where the rms dis-
tributions are more clearly influenced by piston geometry.

The convergent nozzle C (Figure 5.12b) indicates maximum
centreline rms levels X'/}_(CL of near 10% in the case of a flat
piston with swirl but a slightly lower value results with a
bowl-1lip piston geometry (8%). For all the nozzles with flat
and bowled piston geometries, the centreline rms intensities
clearly exhibit characteristics in the presence of swirl which
are significantly different than in the absence of swirl (see
Figures 5.11b and 5.12b). The effects of swirl lead to an interaction

of the in-cylinder vortex structure which is absent without swirl at TDC.

5.3.5 Fuel jet spread and decay

The growth rates of the fuel jets along the centreline
are shown as the reciporcal of the mean mole fraction concen-
tration (Figure 5.15 ') and it is evident that the fuel jet
spreads most rapidly in the presence of swirl as noted above.
A comparison of the results can be made by describing the

centreline decay in terms of the decay law
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X k.o(x - x)
1? - 1 (o] (5.6)
X

with Xq the virtual origin of the mole fraction, kl, a

constant and r the nozzle radius. A least squares fit to

’
the linear reggons of the data obtained with the different
parameters of these investigations provide the results summ-
arised in Table 5.4. The spray type nozzles have the most
negative values for the virtual origins but their spread rates

as defined by the values of k. are less than those correspond-

ing to the larger nozzles. Tiis effect results from the faster
development of the jet from these nozzles and corresponds to
the very gradual decay expected when the flow is developed.
The initial decay rate of the spray nozzles is greatest as is
clear from the results of Figures 5.11 and 5.12 but their sub-
sequent decay rate is not and is consistent with the findings
of the centreline rms results which indicate about 4% rms in
the piston proximity in contrast to the value of 10% for the
larger nozzle. Similar observations can be made with respect
to the kl values resulting for the cases involving swirl and a
bowl-1lip piston geometry.

For nozzles A and B, and in the absence of swirl, a
larger decay rate is indicated for the bowl-lip piston over the
flat piston and this follows from the observed increase in mix-
ing associated with impingement. For nozzles A and B with a
flat piston, the decay rate is similar. The fastest decay rate
occurs for a flat piston geometry with swirling air motion.
In contrast, for nozzles C and D, although similar decay rates
exist between the two when a flat piston is used, the decay rate
for nozzle C is greater than that of nozzle D with a bowl-lip
geometry. These trends are consistent with those expected from
the combined differences in the time constants and initial fuel

mass injected. For nozzle B, the time constant increases



172

relative to nozzle A and thus more initial decay is expected
for nozzle A with subsequent reduction along the linear region;
nozzle B has a lower initial decay rate which subsequently
increases. The same observations can be made about nozzles
C and D where, in addition to a decrease in the time constant
for nozzle D over nozzle C, the lower initial mass injected
with nozzle D further results in initial differences in mixing
and decay. It is interesting to note that for the case when a
bowl-1lip piston geometry is used and in the absence of swirl
(kl)A/(kl)B N ra/rb and similarly (kl)c/(kl)D v rc/rd. In
contrast, with the flat piston, the ratios of the spreading rates,
(kl)A/(kl)B and (kl)c/(kl)D is of order unity.

The radial spread of the fuel jets can also be charact-
ised by a form similar to Equation (5.6) in terms of the half-

width rl/z; with rl/2 as defined above. The form of rl/2 as
a function of axial distance x is given by
_ _ r
rl/2 = k2(x X ) (5.7)

where k2 is a constant and xor is the mole fraction virtual
origin defined by the results rl/z/ro versus x/ro. From the
simultaneous conservation of momentum and nozzle fluid con-
centration, xor should equal X5 and thus XCL(rl/Z/ro)

k2/kl = constant, see for example Becker et al (1967), Sforza
and Mons (1978) and Lockwood and Moneib (1980). These
relations apply when self-preservation is reached, as results
from the asymptotic behaviour of steady jets indicate, but
analysis of our results show that they do not apply.

Within theilimited comparison that can be made, the

virtual origin defined by Equation (5.7) shows a shift to a
more positive location than that defined by Equation (5.6).
This has also been observed by Bremhorst and Watson (1981) in

their velocity field measurements in a pulsed core jet where
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the virtual origin defined by the centreline velocity spread
was more positive. For transient jets, the conservation of
momentum does not hold at any cross-section of the jet as it
does in steady jets. The value of k2 is greater than k1 and
the ratio kz/k1 is much greater than usually reported for
steady jets; k2/kl defines the ratio of growth of the mean
concentration half-width to that of the mean concentration
decay of the centreline. These observations are in agreement
with findings in transient and impulsively started jets, where
it is known that entrainment, growth and decay are greater

than for steady jets. We note that the trends in radial spread
as determined by the time constants, nozzle geometry and piston
configuration remain in consistent agreement with those deter-
mined for the centreline behaviour. It remains, however, to
quantify the features with nozzles where, for example, trans-
ient fuel jets issue from multiple hole injector nozzles and

at high compression ratios.

An analysis of the results in terms of mass fractions
indicates the same trends observed with the mole fraction for
spread and decay. From the mass and mole fraction results, it
is observed that with the bowl piston geometry, the ratio of
the spread constant kl between any two nozzles is equivalent
to the ratio of the radius T, of the nozzles. Similar findings
were not made for the flat piston results and an explanation
must await further studies.

In the case of the bowl piston, the jet penetration is not
influenced by the impingement effect as results with the flat
piston and thus the spread and decay characteristics can be
expected to be different. The scaling of spread rates with the
jet time constants is also observed and is not too surprising
since, as discussed in detail by Witze (1980), Tj is a similar-
ity parameter for transient jets (the investigations there made
with free jets of equal density to the environment). With the
bowl piston geometry, the increased depth for penetration is

indirectly representative of the free jet condition.
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Comparison of radial spread in terms of (rl/z/ro) and
physical and dimensionless axial distance (x and x/ro) for
all parameters investigated is presented in Table 5.5. As
shown, the convergent nozzles give rise to the greatest spread
(rl/z/ro) in terms of physical distance from the nozzle exit
and implies that the extent of mixing near the nozzles plays
an important role in the fuel jet spread achieved downstream.
The spread for the smallest nozzle is about four times that
of the larger nozzles in the flat piston case and about 9.6
times greater with the bowl-piston geometries. The dimension-
less characteristics, however, are dependent upon Tj and con-
sistent trends are observed with those reported elsewhere
(eg. Witze (1980) and Reitz and Bracco (1979)). Most interest-
ing is that the predicted behaviour of our gaseous jet as
influenced by nozzle criteria, is similarly predicted for high

pressure, atomising liquid jets and sprays.

5;3.6' Effects of scaling And similarity characteristics

Since the piston geometry defines different characteristic-
axial lengths for a fixed compression ratio, an attempt
was made to characterise the axial coordinate for the centre-
line concentration decay in terms of the distance defined from
the nozzle to the full depth available for the fuel jet to
penetrate, H ; this 1is the distance between the nozzle and
the piston face in the case of the flat. piston or the inner
depth of the bowl. Since the fuel injection takes place near
TDC of compression, H.was defined at TDC. Figure 5.16 shows
that different trends to those with the normalisation by the
nozzle diameter result for the mean concentration decay. The
decay of mean concentration with the bowl-lip piston geometry
and nozzle A is represented as greater although the initial
mean concentration levels are nearly the same as those with
the flat piston. With the convergent nozzles (C and D), .the
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jet decay is less influenced by piston geometry since the
inertia of the jets from these nozzles is less than those
from the diffusing nozzles and they tend toward their asymp-—~
totic behaviour physically much closer to the nozzle and are
thus less influenced by downstream conditions.

The radial distributions of mean mole fraction concen-
tration are presented in Figure 5.17 for the four nozzles and
two of the piston geometries in the absence of swirl; the
radial coordinate chosen here is r/rl/z. It is noted that
when swirl is induced during the intake stroke the radial
profiles starting very near the nozzle quickly tend towards
flat distributions and suggests that the interaction of swirl
with the fuel jet promotes uniform mixture close to the
nozzle. As shown in Figure 5.17, use of the radial coordinate
r/J:'l/2 tends to collapse all the results to a curve which can
be characterised in terms of the Gaussian function

92 _ B
Bor = o (k3le/ry ) (5.8)
where k, = -1n 2 and B = 2 are the values reported for fully
3
developed steady jets. The Equation (5.8) also represents

the similarity for the mass fraction results. Bremhorst and
Watson (1981) have reported the same result (5.8) for the
radial velocity distributions of their pulsed jets and also
found similarity in their rms distributions. No simi-
larity of the rms profiles could be established in the
present case since the profiles were strongly influenced by

piston geometry and the presence of swirl.
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5.4 RESULTS FOR 6.7 CR ENGINE

In this section measurements of the mole fraction con-
centration of SF6 are presented and were obtained in the
engine operated at a compression ratio of 6.7 and in the
absence of swirl; emphasis is on characterizing the effect
of compression ratio on the air/fuel mixing process. The
measurements were made with the nozzles A and C and with a
flat and re-entrant piston. Because of the change to SF6
for measurements in the 6.7 CR engine (due to the low vapour
pressure of the Freon-12), measurements have also been made
with SF6 and the engine operating at a 3.5 CR to facilitate
comparisons of the effects of compression ratio. Moreover,
assessment of the effects of fuel density can also be made
by compariéon of results obtained in the 3.5 CR engine using
Freon-lz and SFG‘ The influence of compression ratio on the
spatial distribution of injected fuel is represented in terms
of the centreline and radial profiles presented and discussed
in the next two sub-sections. The influence on the temporal
characteristics, in terms of the fuel jet autocorrelation

function, is discussed in a third sub-section.

5.4.1 Centreline distributions

Figure 5.18 presents values of mean and rms concentration
obtained with nozzle A, a re-entrant and flat piston at 3.5 CR
and with nozzles A and C and a flat piston at 6.7 CR; the mean
and rmé values are normalized by the exit plane concentration
as i/io and X'/io, respectively, where X, = 1. Comparison of
the nozzle A results at 3.5 CR with SF6 and Freon-12 (Figures
5.18(a) and 5.11(a)) shows that the effect of piston geometry is
.is independent of .fuel density. . .When the flat piston. is

used, ‘jet impingement on the piston face leads to increased
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mixing over the re-entrant case where, as noted in Section
5.3, impingement was delayed by the increased penetration.
With a flat piston, the concentration decays in a similar
manner with both the SF6 and Freon-12 with the same mean
concentration levels (X/Xo N 0.3) being reached near the
piston. For the SFG' since the mass of fuel injected is
slightly lower than with Freon, see section 5.2, the initial
decay of SF6 is greater than results with Freon in the case
of the re-entrant piston but similar mean concentration levels
(i/io v 0.45) are reached near the entrance to the bowl. A
greater influence of fuel density,on the rms of the concen-
tration, is shown by Figures 5.11(b) and 5.18(b) with the
absolute rms levels X'/)-fO for the SF6 5% greater than those
resulting for the Freon jet. This indicates higher un-
mixedness for the heavier fuel near the nozzle and is con-
sistent with the observed slower development of asymptotic
behaviour in heavier density steady jets, see Chapter 3.
Further downstream the density influence on X' is less and
with similar rms levels (X'/)?o N 0.10) resulting near the
piston for both the SF6 and Freon-12 jets.

The effect of compression ratio can be seen by comparing
the results obtained for nozzle A with a flat piston at 3.5
CR and 6.7 CR, Figure 5.18(a). With the higher compression
ratio, a much faster initial decay of concentration results
as shown by mean levels near the nozzle exit and the corres-
ponding mean levels are about one-half of those obtained with
the engine oeprated at 3.5 CR. The downstream decay (indep-
endent of the nozzle) is nearly uniform, and unlike the 3.5
CR results, differences between the mean levels obtained with
nozzles A and C are very small with the same rate 9X/0x
indicated for the jets from both these nozzles. In contrast,
at the lower compression ratio of 3.5, the role of nozzle
size (and thus the resulting mass of injected fuel) was
significant. For example, the lower mass of fuel
injected with nozzle C led to more rapid mixing of the fuel
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jet near the nozzle with very low and uniform levels of mean
and rms concentration being achieved (see Figures 5.11 and
5.12). At the higher compression ratio of 6.7, the further
decrease in density ratio between the injected fuel and in-
cylinder air leads to similar results for both nozzles even
though a greater mass of fuel is consistently injected with
nozzle A (Figure 5.18). The implications are that mixing
of fuel with air at the nozzle exit is important in defining
the subsequent mixture characteristics and that mixing is
more influenced by compression ratio so that there is less
influence of nozzle geometry.

The air/fuel mixture uniformity is made clear by the
low rms intensities with similar characteristics resulting
for both nozzles as shown in Figure 5.18(b).

5.4.2 Radial distributions

Figures 5.19, 5.20 and 5.21 present radial profiles of
mean and rms concentration of SF6 for nozzle A with a flat
and re-entrant piston at 3.5 CR and for nozzles A and C with
a flat and re-entrant piston at 6.7 CR. The mean results are
normalized by the centreline value as X/X and the rms

CL
intensities by the corresponding centreline rms, X'/X'

As noted above with the centreline results, a gregger mass
of fuel is injected with the Freon than with SF6 for the cons-
tant operating conditions of the fuel injection system. The
exit momentum, however, is similar with the momentum of the
SF6 jet being only about 8% greater. As the results of this
section will show, it is the differences in injected mass of
fuel (in addition to compression ratio) which affect the
air/fuel mixing process. Figure 5.19 shows results for
the radial mean and rms concentration obtained with

Freon-12 and SF, and with the engine operated at 3.5 CR.

6
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Comparison of the mean profiles (Figures 5.19(a) and (c))
shows that the radial spread Qf"SFGVis greater than with
Freon. This increase in radial mean spread with associated
decrease in mean centreline values (Section 5.4.1 and Figure
5.18) indicates that more fuel is present in the outer regions
of the SF6 jet and is a consequence of the faster mixing which
results when the amount of fuel injected is decreased. It is
noted that the differences in injected mass do not have to be
significant (for instance, as occurs with the use of nozzle C,
section 5.3.3). In the present case a slight reduction in
injected mass of 12% leads to the immediate result of increas-
ing fuel spread of the heavier SFG‘

The rms results of Figure 5.19(b) and (d) also make
clear that-a greater extent of radial fuel spread results
when the mass of injected fuel is decreased (thus improving the
downstream mixture homogeneity). From Figures 5.19(b) and (d)
the radial location at which the rms maxima occurs is greater
with the SF6 jet. As represented by the near nozzle results
obtained at x = 5 and 8mm, the rms ratio XVXEL is greater for
~the SF6 (Figure 5.19(b)) than results with Freon (Figure
5.19(d) )and similar trends were shown by the centreline rms
results of Figures 5.11(b) and 5.18(b). Further downstream,
however, the increased radial spread of SF6 remains but with
the levels of XVX&L for SF6 tending towards unity along the
entire radial plane in contrast to the results obtained with
Freon where the levels and characteristics of XVX&L remain
similar to those resulting upstream (i.e. X'tending towards a
maxima and then decreasing).

With the re-entrant and flat piston a consistent trend
is established with respect to'the maxima in radial rms intens-
as the radial location at which X¥X'

ax CL
becomes maximum and with rl/2 as previously defined, the values

ities. Defining o

max
those obtained with a re-entrant piston and follows (independ-

for r /rl/2 obtained with a flat piston are greater than

ent of fuel density and mass of fuel injected) in consistent

agreement with the detailed discussions of Section 5.3. For
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example, at the axial location x = 8mm, with a flat piston
rmax/rl/z is equal to 0.783 and 0.851 for Freon and SFG'
respectively, while with a re-entrant piston the correspond-
ing values are 0.567 and 0.474. These greater values of
rmax/rl/Z with the flat piston indicate more rapid spread
results.

The effects of fuel density and amount of fuel injected
also show separate effects. With the re-entrant piston the
increased penetration distance is representative of a free
jet and is supported in part by the analysis of Section
5.3.5. For the SF6 jet (and a re-entrant piston), rmax/fl/z
tends to be less than with Freon and as the results of
Chapter 3 show, this is expected with the heavier density of
SF6. With‘the flat piston geometry the same effect of fuel
density was not found and this is to be expected since there
impingement on the upstream mixing characteristics is
important, as discussed in Section 5.3.3.

When the compression ratio is increased from 3.5 to 6.7,
the fuel jet radial spread increases in a manner which is
consistent with the centreline results. Comparison of
Figures 5.20(a) and 5.19(a) makes clear the differences in
radial spread with the effect of higher compression ratio
and, particularly with a flat piston, leads to a rapid homo-
geneous mixture as indicated by the flat concentration
profiles of Figure 5.20(a). The growth of the jet is repres-
ented by comparison of the radial profiles at 6.7 CR (Figure
5.20(a)) which, in contrast to similar profiles obtained with
the engine operated at a 3.5 CR (Figure 5.8(a)), shows that
the values of rl/z/ro are different, and a summary is
provided below. The effects of nozzle geometry remain
consistent at the higher compression ratio as shown by com-
parison of results obtained with nozzle A and C (Figure 5.20
and 5.21). The differences in radial spread of the two

nozzles (as characterized by r, ,,/r_ ) are less at the higher

1/2
compression ratio, see Figures 5.13(a), 5.14(a), 5.20(a) and

5.21(a). Similar findings for the combined effects of com-
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pression ratio and nozzle geometry were shown with the centre-
line results of Section 5.4.1.

The rms results shown by Figure 5.20(b) and 5.21(b)
support the findings in the mean radial profiles and centre-
line profiles that an increase in compression ratio leads to
increased mixing through faster centreline decay, particularly
at the nozzle exit, with increased radial growth leading to
more rapid air/fuel mixutre distribution. As shown by Figure
5.20(b), X'/XéL increases with radial distance near the piston
for the jet from nozzle A in contrast to the opposite behaviour
shown from distributions resulting with nozzle C (Figure
5.21(b)). With the larger nozzle A the increased rate of
radial spread of fuel leads to greater mixing intensity at a
further radial distance before the profiles of x'/X(':L can
become uniform. With the greater mass of fuel injected with
nozzle A, differences in the fuel mixing dynamics are expected
as discussed in Section 5.3.5.

A summary of results obtained with the SF6 fuel jet at
3.5 CR and 6.7 CR is provided in Table 5.6 and facilitates
comparison of the similar results obtained with Freon-12 at
3.5 CR (Table 5.5) and at O CR (Table 4.4). Clearly, a con-
sistent trend appears through influence of the in-cylinder air

density o the characteristic spread rl/z/rO consistently

air’
increases for a given nozzle geometry and with differences in
rl/z/r0 also remaining consistent between different nozzles.
The effect of pair on r1/2/ro and with different piston geo-
metries is also consistent but some dependence on fuel density
(combined with the mass of fuel injected) can result in vari-

ations of rl/z/rO for the same nozzle geometry.

5.4.3 Temporal characteristics (autocorrelations)

In steady flow investigations the autocorrelation
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function R(t) obtained from fluctuating cohcentrations at a
fixed point can provide detailed information of the temporal
characteristics of the mixing process. In the air/fuel
mixing process of the engine, the flow is transient and non-
stationary and implies that the statistical properties which
can be determined are dependent on the time to at which
measurements start and the time at which they stop, tf. As
discussed in Section 5.3, the averaging window A® used to
measure data for the ensemble quantities was chosen so that
the beginning and duration of A® occurred in a region of
quasi-steady behaviour of the fuel injection process (Figure
5.4). Assessment of the temporal characteristics must, how-
ever, be based on the total time interval of the transient
fuel injection process and, according to results such as
those of Figures 5.4 and 5.5, implies that a single definition
of the start and stop of the measurement time cannot be
applied.

Based on instantaneous results such as those of Figure
5.5, but for individual engine cycles, the start time ts of
the autocorrelation function has been defined as the time
associated with the maxima in initial rise of fuel concen-
tration and the stop time tf as the time when the concen-
tration has decayed to a level of less than 3%. On average,
the times ts and tf
degrees, respectively, after the start of an engine cycle.

correspond to 330 and 356 crankangle

Details of the calculation procedures for the autocorrelation
function of these transient and non-stationary fuel injection
characteristics follow from the methods used for similar
processes as reported by Bendat and Piersal (1971, Chapter 10,
pp 356-360). Below, the autocorrelation of individual
(instantaneous) cycle data is represented by R(T) while the
ensemble autocorrelations (based on a minimum of 100 engine
cycles) are represented by <R(T)>; as usual both R(T) and
<R(T)> are defined in the interval H o and an estimate of
the confidence limits follows from analysis as reported by
Bendat and Piersal (1971) and Chatfield (1984, Chapter 4).
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Figure 5.22 presents results for the ensembles <R(T)>
for nozzle A obtained with the engine operating at 3.5 and
6.7 CR with flat and re-entrant pistons. The time lag T is
the same for all cases (100us) and with differences in the
correlation times clearly indicating that the temporal
characteristics of the air/fuel mixing process are strongly
dependent on engine and nozzle geometry and compression
ratio. Comparison of Figures 5.22(a) and (b) shows the
increase in correlation time at the higher compression ratio
which is due in part to the faster mixing and lower rms
levels found at higher compression ratio in contrast to the
higher mean and rms at the lower compression ratio. The
short correlation times for the 3.5 CR measurements (Figure
5.22(a)) are indicative of greater randomness in the air/
fuel mixing process. Similar observations can be made for
the effect of piston geometry (Figures 5.22(b) and (c)) where
again the dependence shown by the mean and rms results on
flat and re-entrant geometries (Section 5.3) are indicated
by the results here of <R(t)>; faster and more uniform
mixture results with a flat piston than with a re-entrant
geometry.

The interesting result represented by Figures 5.22(a) -
(c) is that the correlation time decreases with downstream
distance in contrast to the opposite behaviour known to exist
in steady jets; see Birch et al (1978) and Pitts and Kashiwagi
(1984). This results from the definition of the correlation
time which in the present case is associated with a transient
interval. When the correlation time is confined to the
interval of quasi-steady behaviour, a similar trend in
correlation time results for the transient and steady jets.
Figure 5.22(d) shows a typical example for nozzle A with a
re-entrant piston. A long correlation time is indicative of

a strong characteristic in the time series and in the present

case this is associated with the characteristic defined by
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a concentration plateau and then decay. Further downstream
the trend weakens; see, for example, Figures 5.4 and 5.6.

Single cycle autocorrelations R(t) are shown in Figures
5.23(a) and (b) for measurements made with the re-entrant
piston and nozzle A at 3.5 and 6.7 CR. They indicate
larger cyclic variance results in the air/fuel mixing process
at a lower compression ratio. For the higher compression
ratio it was shown (Section 5.4.2) that the air/fuel mixing
process is improved over that achieved at a lower compression
ratio (for similar geometry and fuel injection conditions)
and the results of Figure 5.23(a) are consistent with those
findings. Comparison of Figures 5.23(b) and (c) for the
single cycle results of R(tT) with a flat and re-entrant piston
are also consistent in that the influence of piston geometry
is predicted in a similar manner as by the mean and rms
ensembles. Improved mixing due to impingement on the flat
piston face results as shown in the decreased cyclic variance
for the flat piston results of R(T) (Figure 5.23(c)).

The variables investigated here are seen to influence
the temporal characteristics of the air/fuel mixing process
in the engine. The autocorrelation function is very sensitive
to the effects of engine geometry and compression ratio. The
transient and non-stationary behaviour of the fuel injection
process does not result in similar characteristics for the
autocorrelation as in steady jets where R(t) can be fit to an
exponential of the form exp (-t/T) where T is the integral
time scale. Moreover, cyclic variance in the air/fuel mixing
process leads to variations in the autocorrelation which are
strongly influenced by the level of mixing achieved with a
given engine coufiguration.

5.5 CONCLUSIONS

The investigation of the influence of compression ratio,



185

nozzle geometry, piston configuration, induction swirl and
fuel density on the in-cylinder concentration field of a
simulated fuel in a model engine operated in a four stroke

cycle and motored at 200 rpm revealed the following:

1. Nozzle design plays a predominant role and the
characteristics of the air/fuel mixture can be predicted in
terms of the time constants, Tj. The convergent (spray)
nozzles lead to a more rapid initial decay with associated
lower rms values and greater characteristics spread rl/z/d
than the diffusing nozzles. Nozzles with larger Tj and with
correspondingly larger momentum and Reynolds numbers lead to
slower decay and higher rms levels in contrast to the
opposite behaviour shown by the spray nozzles with smaller
Tj and lower Reynolds number. These results suggest that the
extent of initial mixing of fuel with air is important in

controlling rapid mixture throughout the cylinder.

2. The squish effect induced by the re-entrant piston
configuration also plays a dominant role in the air/fuel
mixing process but to a lesser extent than that of the nozzle
design. When squish is induced by the re-entrant piston
geometry, the fuel jet decays more slowly in the case of the
diffusing nozzles but more rapidly with the spray nozzles.
This interaction appears to be coupled to the initial inertia

and momentum characteristics of the fuel jet.

3. Induction swirl increases air entrainment and results
in faster and more uniform air/fuel mixtures. The combined
effects of swirl and squish is to reduce the mean centreline
fuel concentration levels by about 50% and 20% with the
diffusing and convergent nozzles, respectively. In the
presence of swirl, the rms distributions in both the centre-
line and radial directions are uninfluenced by piston geo-

metry although differences do remain between the nozzle types.
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4. In the absence of swirl, the fuel jets exhibit
similarity in the radial mean concentration distributions
independent of nozzle geometry and piston geometry but no
similarity was found in the rms distributions. With swirl,
flat concentration profiles very near the nozzle exit imply
uniform mixtures of fuel and air.

5. The effect of increasing the compression ratio is
to further increase the air/fuel mixing rate in a manner
which remains consistent with the above findings for the
nozzle and piston geometry. The achievement of faster mix-
ing at the nozzle exit is important and reduces the differ-
ences in the mean and rms characteristics resulting from the
use of different nozzles. Non-dimensional parameters show a
consistent effect to result for the jet density as in steady
jets.

6. The autocorrelation function is very sensitive to
the influences of engine variables and predicts character-
istics of the air/fuel mixing process in the same manner as
results with the measurement of mean and rms concentration.
The additional information provided by the autocorrelations
is on cyclic variance of the temporal characteristics and

requires care in interpretation.
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TABLE 5.1 Characteristics of the model engine (3.5 CR)

Speed rpm 200
Compression ratio 3.5
Bore mm 75.8
Stroke mm " 94
Connecting rod length mm 363.5

Intake-exhaust wvalve

Diameter mm =33
Seat angle degree 45°
Valve. 1lift (max) mm 8

Flat piston
Diameter mm 75
Clearance at TDC mm (H) 36

Piston Bowl

Diameter mm 49
Depth mm 23
Effective clearance at TDC mm (H) 59

(nozzle to bottom of bowl)

Piston re-entrant (bowl-lip)

Diameter mm 43
Depth mm 23
Lip thickness mm 8
Entry diameter mm 16.5
Effective clearance at TDC mm (H) 59

(nozzle to bottom of the bowl)
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TABLE 5.2 Characteristics of the model engine (6.7 CR)

Speed 200
Compression ratio 6.7
Bore, mm 75.8
Stroke, mm 94
Connecting rod length, mm 363.5

Intake-exhaust valve

Diameter, mm 33
Seat angle, degree 45
Valve lift (max), mm 8

Flat piston
Diameter, mm 75
Clearance at TDC, mm (H) 16

TABLE 5.3 1Injection characteristics

Injection pressure MPa 0.55

Injection timing deg. BTDC 38

Injection during deg. 24
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TABLE 5.4 Influence of nozzle geometry, piston geometry .

and induction swirl on mean flow

Nozzle Tj(us) Piston Swirl El xo/r0
A 196 Flat No 0.120 - 9.49
A Bowl-1lip No 0.179 - 1.16
A Flat Yes 0.591 + 3.79
A Bowl-1lip Yes 0.321 - 3.18
B 274 Flat No 0.114 -12.79
B Bowl-lip No 0.221 - 0.55
C 26.6 Flat No 0.049 -36.64
Cc Bowl-lip No 0.063 -26.34
C Flat Yes 0.114 -19.99
C Bowl-lip Yes 0.090 -17.78
D 7.9 Flat No 0.041 -57.31
D Bowl~-1lip No 0.025 -129.30

Note: Tj is the time constant as defined in Chapter 4,

Tj = ro/uo, which for a given nozzle in the present

investigations is a constant
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TABLE 5.5 Influence of nozzle geometry, piston geometry and

induction swirl on jet spread

Nozzle : Flat Piston Bowl-lip Piston

X (rm) rl/z/ro X (mm) rl/2/ro

I Absence of Swirl

A 5 0.822
8 1.352 8 0.793
10 1.730
15 2.116 15 1.882
27 3.440 22 2.940
B 5 0.894 5 0.578
10 0.920
15 2.070 15 1.578
C 5 ] 5 L]
10 3.2 10 4.3
15 3.7 15 5.1
D 8 . 8 .
12 5.4 12 7.6
II Presence of Swirl
A 8 1.704 8 2.852
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TABLE 5.6 Influence of nozzle geometry, piston geometry

and Compression ratio on jet spread (absence

of swirl
Nozzle Flat Piston Re-entrant Piston
x (mm) rl/Z/ro X (mm) rl/z/ro
I 3.5 CR
A 5 1.617
8 1.382 8 1.675
12 1.823
22 3.029
IT 6.7 CR
A 5 2.617 5 1.50
8 3.235
C 5  2.50 5 2.30

8 3.40
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FIGURE 5.6 INSTANTANEQUS FREON CONCENTRATION (in the absence
of compression)> AS A FUNCTION OF DISTANCE FROM THE NOZZLE
ALONG THE CENTRELINE: NOZZLE A, FLAT PISTON
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FIGURE 5.13(a)> RADIAL DISTRIBUTIONS OF MEAN CONCENTRATION AS
INFLUENCED BY PISTON GEOMETRY AND INDUCTION SWIRL: NOZZLE A
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FIGURE 5.19(b>) RADIAL DISTRIBUTIONS OF RMS CONCENTRATION AS
INFLUENCED BY PISTON GEOMETRY FOR COMPRESSION RATIO 3.5 WITH
NOZZLE A AND SF6 (absence of swirl)
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FIGURE 5.19(c) RADIAL DISTRIBUTIONS OF MEAN CONCENTRATION AS
INFLUENCED BY PISTON GEOMETRY FOR COMPRESSION RATIO 3.5 WITH
NOZZLE A AND FREON-12 (absence of swirl): see FIGURE 5.8¢(a)



221

1.5 x/d PISTON
A 2.35  RE-ENTRANT

0 4.41 RE-ENTRANT
O 6.47 RE-ENTRANT

0.5

T2 ]L, : l6 r (mm)

| 1 ] |

0-5 0 r/d 15 2.0

FIGURE 5.19(d> RADIAL DISTRIBUTIONS OF RMS CONCENTRATION AS
INFLUENCED BY PISTON GEOMETRY FOR COMPRESSION RATIO 3.5 WITH
NOZZLE A AND FREON-12 (absence of swirl): see FIGURE 5.8 (b)
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CHAPTER 6 CHARACTERISTICS OF TRANSIENT JETS

6.1 INTRODUCTION

The present chapter presents results for the tip penet-

ration of transient gas jets of Freon-12 and SF_ issuing into

quiescent air. They were obtained with a combigation of laser
Rayleigh scattering, high speed photography and photodiode
arrays and are relevant to fuel sprays issuing from nozzles
and, more specifically, to the simulations of engine configur-
ations where high density gas jets are used to simulate
liquid fuel sprays. The scaling of the transient, turbulent
jets is considered and comparisons made with the known penet-
ration characteristics of transient jets issuing into a medium
of the same density. The results presented provide inform-
ation of the tip penetration as a function of nozzle geometry,
jet fluid density and initial velocity. Similar studies
of tip penetration have been reported for air-into-air jets
by Witze (1980) and with Diesel fuel sprays by Yule et al
(1985).

The flow configuration and experimental system are des-
cribed in the following section and presentation and discussion
of results in a third section. The more important conclusions

are summarized in a fourth sectiocn.

6.2 EXPERIMENTAL SYSTEM

6.2.1 Flow configuration

The transient jets made use of the nozzles A, B and C
described in the last chapter (see Figure 5.1) and a line
diagram of the flow system is shown in Figure 6.1. The trans-
ient jets were controlled in the same manner as discussed in

Chapters 4 and 5 using an Angar Model 008 solenoid valve with
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a firing frequency of 3Hz. Freon-12 or SF¢ gas was supplied
to the inlet of the solenoid from pressurized gas bottles.
The pressures used to operate the solenoid valve were 0.239,
0.377 and 0.584MPa; the highest pressure corresponds to

the vapour pressure limit of the Freon-12. Since there are
line losses through the flow circuit, particularly through
the rotameter and solenoid, the backpressures indicated
upstream of these components are greater than

that across the nozzles, AP = Pu - Patm’ where ®P_ is the

u

exit nozzle pressure and Pa m that of the ambient surroundings.

By measuring the exit planetvelocities, using the gated IDA

system of Chapter 4, AP was estimated from Bernoulli's law

and used to find Pu' The estimate of Pu was then used to
where Pc is

/P.. > P
atm’ "u cr r
the critical pressure ratio of the jet. For all the cases

the

check that the pressure ratio P* = P

investigated, -since it Wwas determined that P* ‘> Pcr’
transient jets were not choked.

A summary of the experimental conditions is provided in
Table 6.1 which shows the Reynolds numbers, exit momentum,
mass flow rates, nozzle area ratios A*, jet to ambient density
ratios pj/pa, and the jet time constants (as defined in
Chapter 4) where Ty = re/Uo and ry = ro(pj/pa)!5 is the
effective nozzle radius. Differences in the viscosity of the
Freon-12 and SF6 are small and are expected to introduce a
ngeligible effect; see, for example, Hopkins and Robertson
(1967) and Reitz and Bracco (1979). The mass flow rate as
shown by Table 6.1 is not a constant for the experiments but
the total time the solenoid was operated allowed for a jet time
At = 18ms. This value of Ato

on n
used in the investigations of Chapters 4 and 5.

is about 1.3ms greater than
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6.2.2 Optical and signal processing systems

The transient jet tip penetration rates were measured
using three different experimental .techniques: high speed photo-
graphy, a linear photodiode array (PDA) technigue and LRS.

The LRS system is the same as that described in Chapter 2
with the argon-ion laser operated at 1.0W and 488nm and the
instrumentation for the photography is the same as that des-
cribed by Dyer (1979) with a HYCAM Model 41-0004 high speed
camera operated at 5000 frames per second. Schlieren and
shadowgraph techniques were used to image the transient jets
for both the photography results and PDA measurements.

The flow imaging assisted the development . of the PDA
instrumentation and- a detailed discussion of the principles
of the tecﬁnique is given by Hopwood (1980). In the present
application, the PDA provided a signal which was related to
the refractive index of the image field and this was inter-
preted in terms of the jet tip which interfered with the det-
ection of light as the array scanned the field of view. The
PDA was similar to that described by Witze (1985) and a line
diagram of the instrumentation and optical arrangements, as
used for the measurements here, is shown in Figure 6.2. The
PDA element is the principal component of the solid-state video
camera (E.G. and G. Reticon Model LC1l10) and with the field of
view imaged onto a line of 512 photodiodes having a centre-to-
centre, Cc, spacing of 13um. The optical characteristics are
summarized in Table 6.2. The controlling electronics for

the PDA provided a video scan rate for the field of view

of 2.38KHz. Uncertainty in the location of the jet tip and
arrival time using the PDAwere 1.5% and 2%, respectively.

The LRS system was used to define the time of arrival of
the jet tip by detecting the rapid rise of the mole fraction
of injected gas. As the typical signal trace shows (see
Figure 5.6) this rise can be identified within 25us. A rise

of 3% mole fraction of jet fluid was identified as the time
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of arrival of the jet tip at a given measurement location and
the time of arrival was defined as t = tm - <tr> where th is
the time measured by the computer clock from the instant the
command is issued to the solenoid to open (Appendix C) and
<t.> the average time of response for the solenoid to become
fully opened.

6.3 RESULTS AND DISCUSSIONS

6.3.1 Jet characteristics

Figures 6.3 and 6.4 present Schlieren photographs for
two firings of a transient jet of Freon-12 issuing from
nozzle A and with an exit velocity of 37.7m/s. The structure
and evolution of the jet is seen to consist of an initial head
vortex which grows downstream followed by the steadying jet
behaviour behind the head vortex. It can be seen that the
initial jet development is similar from one jet firing to another
“in terms of a leadiﬂg vortex, but that aifferent character-
istics result with respect to the structure of the jet boundary
and shape of the head vortex. It is also evident that the
developing jet width is greater than the steadying width and
this is made clear by the long~time exposure of the steadying
jet shown in Figure 6.3. Figures 6.3 and 6.4 showthat several
length and time scales are associated with the transient'and
steadying jet behaviour. Figure 6.5 shows traced details of
the evolving jet from nozzle A with an initial velocity of
37.7m/s and Figures 6.6 and 6.7 show similar details for jets
from nozzle B with initial velocities of 19.2m/s and 30.9m/s.
One observation which can be made is that at higher initial
velocity (corresponding to higher Reynolds numbers) the jet
structure is comprised of smaller length scales (finer and
more grainy) than the larger and more coarse length

scales which result. for the'jefs with lower initial
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velocity, Figures 6.5 and 6.6. Pitts (1986) shows similar
trends between Reynolds number and length scales in his
shadowgraph studies of variable density steady jets. Figure
6.8 shows the penetration and radial growth characteristics
which result for a jet from nozzle C with an exit velocity of
60m/s and the differences for the jet characteristics from
nozzle B are made clear by comparison of Figures 6.6 and 6.8,
which show the faster jet development and penetration rate
resulting with nozzle C over that of nozzle B and with differ-
ences in characteristics of radial growth. From photographic
results such as those of Figure 6.3 and 6.4 it is clear that
the tip of the jet is not consistently located ati the centre-
line and that variations in the tip location away from the
centreline increase with increasing downstream distance. The
results of this behaviour is to affect the interpretation of
tip penetrétion when different measurements techniques are
used. The PDA and LRS techniques require that the detection
point is positioned at the axial centreline, and should
provide smaller values of tip location than those determined
from photographs where the tip location is defined as that of
maximum penetration.

The photographic results (Figure 6.4) also show the end
time of the jet where a diluted jet begins to form and a trail-
ing patch of fluid is observed to convect towards the final
stages of the jet. The patch referred to starts as a vortex
at the nozzle but is highly mixed and dispersed by the time
it reaches a distance of about 6ro. Figure 6.9 shows an
instantaneous trace of the jet fluid concentration detected
with LRS along the centrelin at x/d = 1.5 and shows the rise
in concentration of the tail vortex of the jet (as expected
from the photographic results). Witze (1986) has conjectured
that the trailing vortex may not be a general result but that
it may exist in some or many instances. Yule et al (1985)
have reported similar diluting characteristics for the end
time for Diesel fuel sprays resulting from the atomization of
Diesel oil.
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6.3.2 Comparison of technique results

The penetration distance and time data obtained with the
techniques reported are power law correlated by x(t) = at®
with a standard deviation of around 0.003 and Table 6.3
summarizes the values of a and n for the Freon jet results.
Tip penetration data for SF6 jets were determined with the LRS
system only. The LRS system was also used for the case of
Freon jets to allow comparison of the results with those
obtained from the PDA technique and the high speed film.

Figures 6.10 and 6.11 show experimental data obtained
with nozzles A and B for the jet tip penetration, x(t), versus
time, t. By comparison, the LRS and PDA measurements tend to
underpredict the tip position in a consistent manner relative
to the values that were determined from analysis of the high
speed film and the differences increase with distance from
the nozzle; the data represent phase averaged results over
100 jet firings for each case. Yule et al (1985) have
observed similar differences in results obtained with a PDA
and high speed film, for the tip penetration studies of their
Diesel fuel sprays. In contrast, however, Witze (1985) has
observed that his PDA technique led to overprediction, when
compared to results obtained with a stationary probe, of a
propagating flame front position. The PDA in Witze's case
was oriented to see the image of the plane of the flame front
so that the flame front arrival detected by the PDA would be
expected to see the flame front sooner than the probe, parti-
cularly when any part of the flame front arrives at locations

away from the expected symmetry plane.

6.3.3 Tip penetration

Figures 6.12, 6.13 and 6.14 present results of the trans-
ient jet tip penetration for conditions of different nozzles,
and exit velocities and with different jet fluids. The non-

dimensional coordinates are x* = x/r_for the penetration
e p
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distance and t* = t(Uo/re) for the time. Since the jet time
constant Tj is defined by re/Uo, the non-dimensional time
becomes t/Tj. As results from the Figures 6.12 - 6.14 show
the scaling x* and t* results in collapse of the data for a
given nozzle geometry. Comparison of results shown in phys-
ical coordinates (Figures 6.10 and 6.11) indicates that the
penetration rate increases with initial velocity and that
the penetration rate is dependent upon the nozzle geometry.
When the data are collapsed for each nozzle in terms of x*
and t* differences in results for the penetration rate
between the nozzles remain but the effect of initial velocity
for a given nozzle is accounted for in t/rj. Dependence
on density ratio between the jet fluid and ambient is shown
by the results of Figure 6.14 which shows that a faster
penetration rate is predicted as the density ratio (pj/pa)
increases. The comparisons here are made with the Freon-12
jets from nozzle C and those of air-into-air reported by
Witze (1980)*.

The ratio of penetration distance x(t) to t

%

constant, o, which is independent of nozzle geometry, density

tends to a

ratio (pj/pa), velocity Uy and definition of jet tip
arrival time. The constancy of a is an asymptotic value
which varies with velocity and geometry and the time tc after
which the value of o becomes constant appears to also be
influenced by initial conditions. From the present results,
and those of Witze (1980) ( and Kuo et al (1982, 1986) for

transient laminar jets), analysis shows that

o = x//t = -const. t >t (6.1)

H
rO'i Olp

* Tt is noted that the arrival time of the jet tip is defined
differently in Witze's case but even accounting for the difference
in time of arrival, the penetration rate for the heavier density
jets compared is greater
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is an invariant for each transient jet for t > tc where tc is
interpreted as the time after which the effects of initial
conditions are forgotten by the flow. From dimensional
analysis, a collapse of all the variable density data onto the
air jet results (Witze (1980)) for long enough times t* can

be made using a time coordinate

L
eer = klpy /o)t VR = k(p/ )7 Jer (6.2)
J

where the value of k v 9.86. The result (6.2) can be verified

with the data of Figure 6.14 and itis interesting to note that

k = wz. A good correlation for the penetration parameter o 1is
obtained with a = (k r U )!5 when ro > 1 and, for r, < 1, with
o = rl/3(kp /p U );i The result of analysis using these

correlatlons for the Freon, SF6 and air jets is shown in Table
6.4. As the results there indicate, the nozzle radius ryr

exit velocity UO and jet fluid density pj are almost sufficient
to describe the penetration characteristics. It is also seen
from Tables 6.1 and 6.4 that when unequal density jets issuing
from the same nozzle have the same exit momentum the penetra-
tion parameter a is also equal. Consistently, the penetration
parameter o increases as U increases and with the increase in a
proportional to (U )%

6.4 CONCLUSIONS

The investigation of tip penetration for transient jets
of variable density discharging into still air revealed the
following:

1. After the initial penetration of the jet, the penet-
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ration distance is directly proportional to the square root
of time and the ratio of x(t)/v/t obtains an asymptotic value
which is different for different initial conditions of nozzle
geometry, jet fluid density and exit velocity. The ratio
x(t)//t was used to define a penetration parameter o which,
for laminar and turbulent transient jets, was found to be an
invariant of the flow.

2. For transient jets of different density, equal exit
momentum and discharging from the same nozzle, there is a

single value of the penetration parameter a.

3. As the initial velocity increases, o increases prop-
ortionally to the square root of velocity independent of
other effects. Thus, the penetration rate of a transient jet
is dependent on (Uo)% for a given family of geometries.

4. The time coordinate defined by equation (6.2) for
the variable density transient jets has been shown to collapse
the penetration distance x/re onto a single curve after the
time t/Tj becomes large. Verification of the constant k

requires further studies.

5. The use of PDA technique to obtain measurements of
the tip penetration of transient jets must be made with care
and the interpretation of results requires an understanding
of the flow characteristics which can be assisted by flow
visualization. A technique such as LRS can also be used to
obtain tip penetration information and with results which are
similar to those obtained with the PDA technique.



TABLE 6.1 Summary of experimental conditions

NOZZLE GAS p./pP Solenoid r (mm) r (mm) U_(m/s) R M ﬂqLHVSz) wm(kg/s) ,u_(8Py2 T, (US)
3778 Operatin e ° e 9 3 A=GE)T 3
Pressureg x 10 x 10
(MPa)

A CCLZEZ 4.18 .239 1.7 3.47 ©24.2 33,782 2.69 1.11 .886 143
" .337 " " 30.7 42,855 4.32 1.41 " 113
" .584 " " 37.7 52,627 6.52 1.73 n 92
SF ¢ 5.11 .239 1.7 3.84 21.7 36,770 2.62 1.21 " 177
" .377 " " 28.0 47,445 4.36 1.56 " 137
B CCL,F, 4.18 .239 1.9 3.88 19.2 29,955 2.11 1.10 .709 202
" .377 " " 25.8 40,252 3.81 1.48 " 151
" .584 " " 30.9 48,209 5.47 1.77 " 126
SF ¢ 5.11 .239 1.9 . 4.29 17.0 32,195 2.01 1.18 " 252
" .377 " n 22.3 42,232 3.46 1.55 " 192
c CCL,F, 4.18 .239 0.5. 1.02 44.6 18,311 .789 .177 10.24 22
" .377 " " 53.0 21,760 1.11 .210 " 18
n .584 " " 60.0 24,634 1.73 .288 " 17
SF g 5.11 .239 0.5 1.13 39.3 19,586 .744 .189 " 28
" .377 " " 48.0 24,420 1.16 .236 " 23

N.B.: For the conditions of the experiments the values of dynamic viscosity for the Freon-12 and SF_. gas
are (as specified by the supplier) Mgp = 1.49 x10~5 (kg/ms) and Veen.F. = 1.23 x 10™3 (kg/ms)
6 272
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TABLE 6.2 PDA optical parameters

Field of view, Fov ({£)

Array optical length, AOL
(AOL = Cc X NE, Cc = 13 m, NE = 512)
(NE = number of elements imaged)

Magnification, M = IVAOL

Static spatial resolution of imaged

field*, M x CC

85.0mm

6 .656mm

11.3

.l4d6mm/array element

* N.B.: The best accuracy is estimated to be about

2M x Cc (see Hopwood, 1980)



TABLE 6.3 Values for a and n for the correlation of penetration distance

and time (Freon-12 jets)

PDA RESULTS

Solenoid operating .
pressure (MPa) .239 . 377 .584
NOZZLE A a 18.17 20.86 24.90
n .7559 .7919 . 7745
NOZZLE B a 15.80 18.40 21.46
n .8281 .8322 .8380
NOZZLE C a - - -
n -— — -

CINE-FILM RESULTS

.239 . 377 .584

18.88 21.64 25.37

.7613 .7800 .8134

17.30 19.36 24.11

.7690 .8160 .7968

26.06 - 32.93

.6987 - .6962

6€C



TABLE 6.4

GAS

Air

Air

Air

Air
Freon-12
Freon-12
Freon-12
SFG‘

SF6
Freon-12

Freon-12

Freon-12_

SF6
SF6
Freon-12
Freon-12
SF6

SF6

Penetration parameter (o) experimental correlation

- r (mm)

Uo(m/s)

53
103.5
22
54.4

24.2
30.7
37.7
21.7
28.0
19.2
25.8
30.9
17.0
22.3
44.6
60.0
39.3
48.0

(a = %)
% = TElexp

19.5
27.3
16.2
25.1

29.1
32.5
37.3
27.7
31.9
27.3
31.3
34.5
28.0
31.2
34.2
39.5
34.4
38.7

(krer]%

16.14
24.69

29.08
32.49
36.00
28.6
32.5
27.16
31.48
34.4
26.8
30.7

1/3
ro X

%
( k( pj/pa)Uo)

19.29
26.89

34.3
39.0
35.3
39.0

ov¢
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Figure 6.3 Schlieren photographs of a transient jet of Freon-12 from Nozzle A with
U = 37.7m/s. The time in between exposures is 0.2ms and with the last
frame showing the steadying jet boundary obtained from long time exposure
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cont'd...

Figure 6.3



Figure 6.4 Second firing of a similar jet as in Figure 6.3. The last frame in this sequence is
representative of the end time conditions as the jet approaches its "off" state




Figure 6.4
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‘AT LOWER VALUES OF Uo, A MORE ORGANIZED STRUCTURE OF THE JET
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DEVELOPING JET BOUNDARY 1S DEFINED
FROM THE GROWTH OF THE LEADING VORTEX
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FIGURE 6.7c¢a> FREON-12 JET FROM NOZZLE B, Uo=30.9 m/s. THE
FIGURE EMPHASIZES THE BOUNDARY AND GROWITH OF THE LEADING
VORTEX AT DIFFERENT TIME INTERVALS OF 0.2 ms
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FIGURE 6.8 FREON-12 JET FROM NOZZLE C, Uo=60 m/s. TYPICAL
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RESULTS OF FIGURE 6.7
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FIGURE 6.9 INSTANTANEOUS TRACE OF JET FLUID CONCENTRATION AT
A MEASUREMENT POINT (x/d=1.5, r/d=0) USING LRS
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CHAPTER 7 CLOSURE

7.1 FINDINGS AND CONCLUSIONS

The principal findings and conclusions which can be
drawn from the work reported in this thesis are summarized

by the following paragraphs:

1. Laser-induced Rayleigh light scattering has been
developed for the study of free turbulent flows. The
results show that measurements of mean concentration can
be obtained with uncertainty of less than 2%. The measure-
ment of time-dependent values of concentration can be
obtained with similar accuracy and with frequency resol-
ution of’around 10KHz.

2. The results obtained in the steady jets of uniform
and non-uniform density confirm the expected differences in
the spread of mass and momentum and, in particular, show
that the half-width of the scalar grows at a rate of 1.07
times that of velocity. The velocity and concentration
fluctuations in the near field have the same dominant
frequency with a corresponding Strouhal number which scale

with the inverse of jet momentum.

3. The investigations of transient jets, used to

simulate a fuel spray in direct-injection engines, show that:

(i) The scalar field spreads and decays more
rapidly than momentum; this result is in agreement
with that reported for steady jets

(ii) The spread and decay . rates for the scalar
and momentum have a marked dependence on nozzle
geometry so that increase in the initial angle of

the nozzle leads to greater spread and decay
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rates. The design of the nozzle also affects the
mass flow rates for a fixed injection time dura-
tion and backpressure. For nozzles of equal up-
stream diameter, the flow rates are affected by
fheksquare of the ratio of the upstream to exit
diameter.

(iii) Impingement of the unsteady jet on a flat
piston leads to faster mixing and more uniform
mixtures than was obtained with a re-entrant or
cylindrical bowl geometry where impingement of the
jet is delayed due to the increased penetration
distance.

(iv) The influence of pressure on the jet
characteristics was determined. The compression
process leads to increase in the in-cylinder air
density and thus to increased rate of decay of jet
momentum, equivalent to a reduction in density
ratio between the jet and ambient, and consequently
to more rapid spread,.decay and mixing of the fuel
jet. The findings suggest that compression ratio
has a bigger effect on the mixing of air and fuel

than nozzle or piston geometry.

(v) Swirl is important with all nozzles, piston
geometries and jet densities investigated and, for
example, the combination of swirl and a flat piston

geometry resulted in the fastest mixing rates.

4., The investigation :0f transient-jet penetration
revealed that the ratio of the penetration distance of
the jet tip to the square root of time achieves an
asymptotic value. This penetration parameter was found
to be the same for laminar and turbulent transient jets

but varies with noz=zle geometry, jet fluid density and
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exit velocity. It is constant for jets of different
density but equal momentum flux.

5. The time constant parameter proposed by Witze
(1980), defined as the ratio of nozzle radius to exit
velocity, must involve the effective nozzle radius

re = ro(pj/pa)% to represent non-uniform transient jets.

7.2 SUGGESTIONS FOR FURTHER WORK

Suggestions for further work are made below and follow

from the findings discussed above.

1. The instrumentation used to measure the concen-
tration characteristics of a passive scalar can be combined
with hot-wire or laser Doppler anemometers to provide
measurements of correlations between velocity and the
scalar. In the case of the hot-wire, the calibrations will
be required to involve concentration and, with the laser
anemometer the need for particles will provide a severe
test of the software filter described in Chapter 2. The
required development and testing is likely to be worth while
since there are few measurements of the vector-scalar correl-
ation and they are needed to help improve understanding of

heat and mass transfer processes.

.2. The measurements obtained in steady jets are con-
fined to the near field so that it is desirable that they
should be extended to the far field. Theability to measure
vector-scalar correlations, proposed above, would allow the
investigation of the influence of density throughout the
jet to provide knowledge of the scalar flux and joint
probability functions which, in turn, would benefit and
allow better appraisal of assumptions currently made in

calculation methods.
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3. The techniques of this thesis, and the extension
suggested in paragraph 1, should be used to investigate a
wider range of unsteady jets. The present work has been
confined to axisymmetric flows, with a limited range of
injection characteristics. This range needs to be extended
and the confiqgurations expanded to include multiple jet
flows and impinging arrangements as result with fuel sprays
in direct~injection engines and impinging fuel and oxidizer
jets.



264

APPENDIX A

A.l1 Interpretation of LRS Signals

LRS detects the time-average of concentration fluct-
uations in the measurement volume as opposed to the density
weighted average. Thus, for an instantaneous scalar property
@ the volumetric time-average <@> is obtained which is
different from the density-weighted (i.e. Favre-average)
quantity <p@> and the result <p@>/<p> is not equal to <@>.
The differences between time-averaged and density-weighted
(Favre-average) results have been reported on by Libby
(1976), Pope (1978), Bilger (1975) and Whitelaw (1984).

The relationship between the detected scattered light
intensity I

s’ absolute pressure P and temperature T of a

multicomponent gas mixture is given by

I == EXio. 1 =1, ... m (a.1)

where Xi is the mole fraction (percent by volume) of the ith

species and o4 the respective angular scattering cross-
sections. The conservation of mass requires in = 1. The
constant K is empirically determined to account for optical
efficiences and P/T is a measure of the total number density
per unit volume, N = ZNi. The three cases which are of

interest in connection with equation (A.l) are:

(1) isothermal, isobaric flow of variable composition
(ii) isothermal, non-isobaric flow of variable
composition

(iii) non-isothermal, non-isobaric flow of wvariable

composition

These three cases will be treated separately below in

section A.3 with reference to the measurements which are
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reported in the text of the thesis. In the remainder of
this section and A.2, the general parameters of equation (A.l)
are discussed.

Assuming isotropic molecules for a single gas of number
density N, the scattering cross-section (i.e, angular cross-

section) Op is given by (for scattered light observed at 900)

_ 4712 (n-1)?

0'A - NZ)\'-} (A.2)

where )X is the incident light wavelength and n the refractive
index of the gas. Thus, assuming 100% optical efficiency

and isotropic molecules a single component gas (with N = P/T,
the number‘densitycﬁ scatterers),the scattered light intensity
is

IS = O'ANIo (A.3)

where Io is the incident light intensity (i.e. irradiance at
the measurement control volume). Intensity as used here
refers to the magnitude of the Poynting vector (i.e. the flux
vector of electromagnetic energy) and has units of Power/Area;
W/m2 or, if referring to limited angular collection of 1light,
W/sr. When the scatterers under consideration are anisotropic
a correction to (A.2) is usually made in the form of '

3
3-4p*

(04) 4 = 0p( ) (a.4)

where p* is the depolarization ratio and is small for most
molecules but can be as large as 0.15. Cabannes (1921) was
the first to account for the problem of depolarization (even
for scattering from pure and clean gases) and proposed an
anisotropy correction to Rayleigh's result. The determin-
ation of the depolarization factor 3(3-4d)-1 is very

difficult to make and is considered in detail with respect
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to measurements of Rayleigh scattering by George et al (1965),
Rudder and Bach (1968), Fabelinskii (1968), Penney (1969)
and Vriens and Adriaansz (1974). In Chapter 1 (sections 1
and 4) of Fabelinskii (1968) and in the article by Young
(1981) a detailed account of the effects of anisotropy in
Rayleigh scattering is given. In general, the correction factor
in (A.4) can differ from unity and with few exceptions can be
neglected; Muller-Dethlefsard and Weinberg (1979) report values.
That Rayleigh's result (A.3) is valid for N number
density throughout a volume of space V follows from the
assumption of independence. This assumption states that the
light scattered by a large number of randomly distributed
molecules in V sums to give the total scattered intensity IS
per unit incident intensity; the light scattered by the
molecules is expected to be completely incoherent. The basis
for this assumption and its justification are reported in
Kerker (1969) and van de Hulst (1981). Lavan (1978) considers
the further problem of the secondary scattering effects from N
scatterer for arbitrarily shaped and small scattering volumes.
The assumption of independence is central (and essential)
in order to account for the total scatter intensity IS to be
the sum of the scatter intensity of all the scatterer (mole-
cules and particles) present in the probe control volume.
The requirement for satisfying independence is that the
scatterer be located at great distances from one another. We
thus consider that each particle or molecule present in the
scattering volume causes real scattering independent of all
the others that are present. 1In a gas, statistical fluct-
uations of the molecular arrangements cause real scattering
(see for example Barron (1982)). The assumption of indepen-
dence thus implies that no coherent scattering results. The
assumption further implies that for a volume containing N
molecules, the intensity (and not the amplitude) of the total
scattered light is the sum of the contribution from each of

the molecules present in the observation volume.
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As suggested by van de Hulst (1981) a distance of
around 3 radii can be accepted as a sufficient condition
for independence; see also Kerker (1968). For Rayleigh
scattering, the expression for the scattered flux intensity
(not considering anisotropic effects) is (Kerker (1968)),

4L _6 2 _
, a2 (A.5)
r2 )\ n2+2

I =1

and is the definition for the case of an incident beam
perpendicularly polarized with respect to the scattering
plane. For N scatterer contained in a probe control

volume V under the assumption of independence,

NI _9m?v? _,_
I = o (n 1)2 (A.6)
rz\t n2+2

where n is the relative refractive index, A the wavelength
of the incident beam, r the distance to the light scatter
detector and Io the incident beam intensity. Clearly the
larger the scatterer the more intense is the scattering
as I is proportional to the sixth power of the scatterer
characteristic size (i.e. from V2).

The number density N is that of the whole gas given by
N = ZNi, where Ni is the number density of the ith

Considering only a single speciecs from the relationship

species.

between mass m, volume V and density p (p = m/V) the number
density is thus N = p/m; m is the mass per molecule. From
the equation of state for an ideal gas PV = RT, where T is
the absolute temperature and R the universal gas constant
defined by R=k (MW) /m where MW is the molecular weight and k a

constant, the number density can thus be found from



268

_ _ P
N = p/m = TK (A.6)

The molecular mass m is related to the molecular weight by
MW = 16m/mo wherfzgo is the mass of an atom of oxygen

(mO = 2.657 x 10 g) and lG/mo is known as Loschmidt's
number NL (= 6.023 x 1023). Noting that NL
when V=lcm3 for STP conditions Né is also referred to as

XV = NO (note,

Avogadro's number) then making the appropriate substitutions,
one obtains from equations (A.l) and (A.3)

= v
IS IO(NOP/RT).K zxioi (A.7)

with K' defining the optical efficiency and, as suggested by
Pitts and Kashiwagi (1984), K' can be estimated from

L p—
K' = nanelQ (A.8)
where,
n, = optical transmission coefficient between the

laser and observation volume

n_ = optical transmission coefficient between the

observation volume and the detector (photomultiplier)
€ = quantum efficiency of photomultiplier

8 = solid angle (steradians) over which scattered
light is collected, = AS/r?, AS is taken as the

collecting lens area and r as its focal length

1 = length of the observed volume

We note that it is often reported that the value of

Loschmidt's number is that associated with computing Avogadro's

number and in fact the value 6.023 x 1023cm-l is also referred
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to as Avagadro's number which is only true, clearly, when
the number of molecules being considered are those in one
cubic centimeter of gas at STP, thus from V = RT/P (for
standard T and P) one finds 6.023 x 1023/(RT/P) =
2.687 x 101%cm™! and it is this value which, conversely, is
referred to in the literature as Loschmidt's (or "a
Loschmidt") number. Loschmidt's number is NL = 16/m_ =
6.023 x 1023/m01 and the number 2.687 x 1019 is the number
density of molecules of gas (any gas) at STP conditions and
it is incorrect therefore to refer to this latter value as
Loschmidt's number.

If in equation (A.7) Io is replaced with IL (i.e. the
laser output in photons/s), then the photon rate to be
expected from LRS experiments can be estimated from

Np = nanngILNzxigi (photons/s) (A.9)

with values for the parameters typical to our experimental
conditions given by

= .71

= .45

= ,14

= .10cm

.071 sr

2.546 x 10'%/cm® (P =1 atm T = 15°)

2 0D+~ 0 B8 S
[l

Considering the laser as an ideal source emitting photons,
the number of photons over a time t are

_ ,PA
(NP)L = (Hg)t (A.10)

where ) is the laser operating wavelength, h is Planck's cons-
tant (h = 6.626 x 10 >%J-S), c the speed of light
(¢ = 2,997 x 108m/s) and P the laser output power J/s = Watts.
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The photon rate (per second) at the wavelengths used in most
of the experiments here is IL = (Np)L/t = P)A/hc or,

7.804 x 1014 x P, 2

1
K IL

4880A

4

and K'I 8.229 x 1074 x P, 2

5145A

A.2 Evaluation of Angular Scattering Cross-—sections

We note that different definitions arise at times in con-
nection with scattering cross-sections (i.e. Rayleigh scatter-
ing cross-section, differential scattering cross-section and
angular cross-section). The definition of these different

scattering cross-sections are given below.

Rayleigh (volume) scattering cross-section

3
R = 221 (n-1)? (A.11)
3N) 3

Differential scattering cross-ection

do _ 1 2
30 - O 3 (1 + cos®e) (A.12)

Angular cross-section

4732
NZAH

o =
(o]

(n-1)2 (A.13)

where N is number density, n the refractive index of the gas
and A the incident light wavelength. For the differential
scattering cross-section, do represents the scattered energy
per unit solid angle and dQ the incident energy per unit area,
do/dQ is their ratio. Consistent use of any of (A.11l), (A.12),
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or (A.13), however, can allow for the ratio obtained between

two gases to be conveniently used to define the intensity
ratio

_ _ A
= = (n _1) = g; (a.14)

where IA and IB are the detected scattered light intensities

as result in an experiment; subscripts A and B denote two
different gases. The predicted ratio A.14 can be used to

ensure against systematic errors being introduced into measure-
ments by checking that the detected scattering light intensity
ratio does not deviate by more than a small amount from the value
expected (A.1l4); accuracy in agreement will depend on purity

of the gas and values used for n.

For an assumed composition for air of 79% N, and 21% O

2 27

the value for o, can be found wusing

(0.) = 0.79(00)N

o)air + 0.21(00)O

2 2

and results in the same value for (oo) air as for when a
value of noir = 1.000292 is used; this approach to estimat-
ing 6 is useful when considering gas mixtures, in particular,
where the refractive index may not be known. The value of
several refractive indices are provided in Table A.l and a
summary of calculation results for %% given in Table A.2.
Results of measurement and prediction for Rayleigh scattering
experiments of scattering cross-sections and gas refractive
indices for conditions of variable pressure, temperature and
composition have been summarized, for example, in the work of
Theimer (1964), Horvath (1967), Shardanand and Rao (1977),
Bilger and Dibble (1982) and Namer and Schefer (1985).
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TABLE A.1l

Summary of some useful refractive indices
02 -= 1.000271
N2 - 1.000296
Ar - 1.000280
H - 1.000036
e

CHy - 1.000444
CC12F2 - 1.00133

Air - 1.000292
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TABLE A.2

Summary of calculations for 9%

2

2 - -
o= 24", ~=2.687 x 10%n">
N2 At
2 o cm
gas (n-1) A(R) oo (M) (55) 00/(00)air
24
4, 4880  1.2495 x 10 0.015
He 1.2960 x 10 % 09
5145  1.0113 x 10
8 4880  8.2207 x 10 28
Air 8.5264 x 10 28 1.00
5145  6.6535 x 10
- 4880  1.9007 x 1072’
CH, 1.9714 x 10 . 2.31
5145  1.5384 x 10
6 4880  1.7055 x 10 2°
Freon-12 1.7689 x 10 26 20.74
5145  1.3803 x 10
s 4880  8.4475 x 10720
N, 8.7616 x 10 g 1.0276
5145  6.8370 x 10
g 4880  7.0808 x 10 28
0, 7.3441 x 10 28 0.8613
5145  5.7309 x 10
4880  8.1605 x 10 28
Air 0 1.01
(N,+0,) 5145  6.6047 x 10
(o]
Note: For A = 4880 A
21 2

0, () = 9.6415113 x 10

(o]
For A = 5145 A
o () = 7.8033823 x 10 2" (n-1)°

(n-1)
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A.3 Experiments Using LRS

(1) isothermal, isobaric flow of variable composition
(measurements reported in Chapters 2, 3, 4 and 6)

For constant pressure and constant temperature flow of
variable composition, the LRS signal varies directly (and is
linearly proportional) to the species mole fraction.

Because Rayleigh scattering is non species specific, experi-
ments aiming to detect and quantify turbulent mixing (via
measurements of concentration) can only be accomplished with
binary gas mixtures and not with mixtures having more com-
ponents. For a two species system consisting of the ccm-
ponents A and B (for which the scattering cross-sections are
different), determination of the Rayleigh scattered intensity
(IR) for one of the pure species allows the instantaneous
mole fraction XA for that species to be determined from the
linear result,

I
X, = (A.15)
A

Q

=)

where the ratio Ig /IA defines Xai the mole fraction of the
species A. %Aistie detected scatter intensity of a pure
sample of gas A and Ig the scattered instantaneous intensity
of the mixture consisting of unknown quantities of A and B;
IA should be the intensity for the gas having the largest
scattering cross-section and it is assumed in (A.15) that
the scatter intensity for component B in a pure state is

referenced with respect to a zero output level (see below A.4.2).

(ii) isothermal, non-isobaric flow of variable com-
position (measurements reported in Chapter 5)

Based on the theory for Rayleigh scattering, the
scattered light intensity should linearly increase
with increase in pressure. Thus for scattering from a fixed
composition gas at atmospheric pressure, say, the scattered
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intensity at any other absolute pressure (for isothermal con-
ditions) becomes

IA(P) = P.IA (A.16)

For a mixture with components A and B (with Op > oB) the
instantaneous mole fraction at any pressure can be related to
the equivalent mole fraction at some fixed reference pressure

from equations (A.15) and (A.1l6) by

I (P)/|P £ P_|
Xy = — © (A.17)
I, (P,)

where Ig(P) is the instantaneous scatter intensity of the gas
mixture at any arbitrary (absolute) pressure P and IA(PO) the
scatter intensity at a fixed reference pressure PO. Taking

PO as the atmospheric pressure,

I_(P)/P
(P)/

x =
A I (Po)

(A.18)

The result (A.18) indicates that if the LRS intensity is
measured simultaneously with the total absolute pressure of
the flow field, then LRS can be used to determine species mole
fraction concentration by detecting the intensity %;(P) and
correcting it for the effect of pressure by dividing through
by P. That this result is wvalid can be confirmed by calib-
rations made at constant temperature using a pressure vessel
having optical access and gases of known mixture concentrations
(air and Freon-1l2 in the present case). The results of such
calibrations are shown in Figure A.l; similar calibrations

are reported for numerous gases by Shardanand and Rao (1977)
and for propane by Dyer (1979). Clearly, for a fixed gas
composition, it is possible, conversely, to determine total

mixture pressure using LRS as indicated by the result (A.16)
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(iii) non-isothermal, non-isobaric flow of variable
composition (measurements reported in Chapter 5)

For the case of a non-isothermal, non-isobaric flow of
variable composition the application of LRS can be limited.
In summary, the simultaneous measurement of the instantaneous
absolute pressure and temperature of the flow at the probe
volume would have to be made along with the detected scatter
light intensity. In terms of the effects of temperature, the
scattered light intensity is hyperbolic in the temperature
(Equation (A.7)). When pressure, temperature and concent-
ration simultaneously differ, the mixture number density N
will differ simultaneously along with variations in the
refractive index. The problem of the simultaneous effects of
pressure and temperature on the scattering cross-section (via
the influence of number density and refractive index) has
been considered in detail by Penndorf (1957) and a general
analysis is given in Chapter 4 of Fabelinskii (1968). Namer
and Schefer (1985) have reported on the effect of temperature
on LRS signal interpretation noting, in particular, the
simultaneous influence exerted on the scattered light intensity
by the scattering cross-section dependence on temperature for
refractive index variation and number density; pressureas a constant.

The measurements reported in Chapter 5 of this thesis (in
the model engine with a compression ratio of 6.7) are
influenced by temperature, pressure and mixture composition.
For a fixed composition at any instant of time, the scatter
intensity ratio relative to some reference state (o) (and at
the same composition) is,under the assumption of ideal gas
behaviour,

I(t) _ (B(t), o, o(t),

= ) ( ) ( (A.19)
I, P, ' T(E) " o

The scattering cross-section ratio is simply,

o(e) _ @le)=1,2 _ ((*o)p
o} n_-1 1+aT P
O o o]

(A.20)
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where n(t) is the instantaneous refractive index of the gas,
T the absolute temperature, P the absolute pressure and

o is a constant. In the case of the compressing engine, the
total pressure is determined by direct measurement with a
transducer mounted on the engine cylinder and the temperature
is determined from the assumption of a polytropic process for
which

p Lm

_ o

T(t)

To

where m is the polytropic exponent, determined from calib-
ration measurements of P(t) in the engine with the intake gas
to the engine controlled to be at fixed concentrations (for
the case of the measurements in Chapter 5, using:SFG,Freon,
and air). From equations (A.19), (A.20) and (A.21) the
following sequence is followed for calibration:

(a) The scattered light intensity for a known mixture
concentration is measured, Ig(t)

(b) The measured values Ig(t) are normalized by Io’
the scattered light intensity of the gas with the largest
angular scattering cross-section, 0.

(c) The temperature T(t) is determined from (A.21)
from measurements of P(t), and, P(t) and T(t) then used in
computing o(t)/oo, equation (A.20).

(d) The result of (c) provides the theoretical
prediction of the right hand side of equation (A.19). The
results were comapred to those actually measured ((a) and
(b)) and excellent agreement is obtained (Figure A.2) between
measured ratios of intensity and those predicted by (A.19).

The results outlined in (a) - (d) provide a direct method
by which to correct the measured scattered intensities (as
result from unknown mixture concentrations in the engine flow)
in order to determine the mole fraction concentrations without

having to directly measure T(t); clearly, the accuracy of
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the quantified mole fraction X, will be less than if the actual
temperature were known; the modelling of the temperature by
(A.21), however, showed in the present work to be adequate as
the results of Figure A.2 suggest, in particular, along the
time interval typical for the in-cycle measurements (an esti-
ate of the errors are given in Chapter 5). Smith (1978) and
Rambach, Dibble and Hollenbach (1979) have similarly considered
measurements with LRS involving change in temperature and

species concentration.

A.4 Uncertainty, Sources of Noise and Data Analysis

A.4.1 Uncertainty and Noise

The uncertainties which can arise in measurements with
LRS are due to fluctuations in laser output, noise introduced
into the signal by the use of a photomultiplier, optical inter-
ference due to the pfesence of walls if the floﬂ is enclosed
and overall noise from the instrumentation used for signal
processing. The problem of noise from photomultipliers and the
subsequent uncertainty introduced into measurements of light
intensity have been accounted for in detail by Robben (1971,
1976), Becker (1976), Shaughnessy and Morton (1977), Wright
(1982a, b), Barton (1982), Oliver (1982) and Ruck and Durst
(1982). Pitts and Kashiwagi (1984) have considered the specific
problems in connection with LRS. From analysis as indicated by
these authors, the largest uncertainty in LRS measurements
results from electronic shot noise; assuming that there is no
particle scatter interference in the detected signal. Under
the assumption of Poisson statistics, the measure of relative
uncertainty in LRS experiments can be estimated from

var(n)% %
n

= l/(-’I:IpAt) (a.22)
where n is the number of detected photons during a time period
At and ﬁp is taken as an estimate of n as given by equation
A.9. The term At is taken to be the effective time period
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related in turn to the cut-off frequency AfcO by
(At)
be found from

off = 1/2Afco, thus the relative uncertainty (r.v.) can

= 5 )5
r.v. = (2Ach/Np) (A.23)

and the signal-to-noise ratio (SNR) is equal to

l1/r.v. = (ﬁp/ZAfco)%. Using the results of equation (A.9)
and (A.10) and those of Table A.2, a summary of the relative
uncertainty for LRS from pure air, SF6 and Freon-12 gas (and
the corresponding SNR's) is provided in Table A.3 for con-
ditions representative of those of the experiments reported

in this thesis.

TABLE A.3

Estimates of Uncertainties for Typical LRS Instrumentation

Conditions
SNR r.v.%

Fco KHz 4880 5145 4880 5145

Air
64 59 1.56 1.69
40 37 2.50 2.70

SFe
167 154 0.60 0.65
106 97 0.94 1.03

Freon-12

291 268 0.34 0.37
5 184 170 0.54 0.59

NB: values shown are for a laser power of 1W and for atmospheric conditions
of pressure and temperature. When scattering results for conditions
at other than atmospheric, the SNR changes by (P/T)°; similarly for
different laser gower levels P , the change in SNR can be accounted for
by a factor (P,) The value of refractive index used in determining
o must take account of any change in pressure and temperature (see

equation (A.13) and section A.3 (iii).
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The values of relative uncertainty r.v. indicated in
Table A.3, in particular, for the scattering from SF6 gas
and Freon-12, are on average about 1% lower than when com-
pared to estimates made empirically by detecting scatter
intensities (averaged over long times) from the potential
core of a jet where, theoretically, fluctuations in the gas
concentration should be zero. There, the ratio of signal
rms to signal mean indicated values of about 1.8% for Freon-12
and about 2.12% for scattering from SF6 for the case when
Afco = 5KHz and A = 51458. The uncertainties introduced into
LRS measurements by optical sources are considered in detail
in Appendix B, where it is shown that the optical noise to LRS
needs to be determined for fhdividual applications and, at
present, the optical noise effects (and methods of deconvol-
ution) cannot be generalized.

A.4.2 Data Analysis

Mean Concentration

The mean mole fraction concentration X is determined
directly from the ratio of mean scattered intensities I

from

g =2 > (n.24)

where RA is the mean mole fraction (i.e. percent by volume)
of species A, Ip is the mean Rayleigh scattering intensity
from a pure sample of species A and iB that from species B.
The term Ig is the measured mean intensity of the flow at the
particular measurement location. The mean intensities are
found from the ensemble '

(A.25)

i
1
o i
o~ s
=
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Similarly, the instantaneous mole fraction can be found
from

x =-9 B " (A.26)

where now ;g is an instantaneous (discrete) signal wvalue.
The values of Xa given by equation A.26 are used to compute
the probability density distributions of Xa - If the output
of the instrumentation is arranged to set IB = 0, clearly

Xp = Ig/IA, or XA = Ig/IA (A.27)

The difficulty in setting an accurate zero level for IB'
however, makes the use of (A.24) and (A.26) more reliable
although computations using (A.27) are faster.

Higher Moments of Concentration

The shot noise associated with measurements of the
Rayleigh scattered light intensities can lead to large errors
in thé calculated values of higher moments of the concent-
ration field (i.e. the variance, skewness and kurtosis) when
the noise levels are comparable to intensity changes in the
Rayleigh scattered light due to concentration fluctuations.
Birch et al (1978) have reported on the use of a method
proposed by Pike (1969) to statistically compenéate for the
effects of shot noise allowing for separation of the actual
moments of the concentration field from the noise. Birch et
al (1978) applied Pike's method to results obtained with
Raman spectroscopy and Pitts and Kashiwagi (1984) have
adopted it to measurements using LRS; Haumann and Leipertz
(1984) have also used this method for measurements using
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Rayleigh scattering with a photon correlator.

Briefly, the results of Pike (1969) state that the
moments of the photon number distribution are identical to
the factorial moments of the detected photon distribution.
Letting N_ be the photoncount collected during the time
At, the rgh factorial moment u'(r) for Np is

1 0 (r)

where the subscript pc refers to the photoncount distribution

(r)
d N
an p

moments, the higher moments are found by converting these to

= Np!/(Np-r)!. Denoting (u')pf as the photonfield

central moments through

r . .
- J./.r ' ] J
2 (-1) (j)(u ) (u,l) (A.29)

(ur)pf = 3 of ot

j=1
Having obtained the central moments (A.29), the higher
moments are found by normalizing (A.29) by
(u.)
(), = —=BF (A.30)
A (T -T)
A "B

and this is to include only contributions from the scattering
in the measurement volume. Defining rms, skewness and
kurtosis, as is usual, thece are

, v (u,)
X' = — 23 (rms) (A.31)
A 1 -1
A B
(uy)
SA = ———3392 . (skewness) (A.32)
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(uy)
KA = 4 % (kurtosis) (A.33)
(M) a

A perfect Gaussian distribution is defined when S = O and
K = 3.

To apply the above results, the values of Np (equation
A.28) are determined by finding a conversion factor to multi-
ply the Rayleigh scattered intensities detected in an exper-
ment; a specific example is provided below.

For the assumption that the detection of photons by the
photomultiplier is a Poisson process,

_ _P (A.34)

where TR is the mean Rayleigh scattered signal intensity and
o the signal variance. Consider two gases A and B and with
the scattering cross-section of the gas A greater than that

of gas B. The Rayleigh scatter contribution of gas A is,
Ip = IA - IB (A.35)

and the requirement now is to find a conversion factor, Cf,
such that C. x I, = N_.; from equation (A.34) N_ is clearly
wD2 5 F F
0 L]

Using typical values from an experiment as given by

EA = 409.6 , iB = 2.42 , o, = 8.2

The mean Rayleigh scatter intensity of gas A is (A.35) -
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409.6 - 2.42

Hi
I

R
= 407.18
thus,
o _ 8.2 -
=7~ 107.18 0.020
R

and the predicted count from (A.34) is,

N = —3 _ = 2465.7

P (.02)2

The conversion factor required for multiplying the detected

signal intensities is therefore

2465.7

407.18 6.05

Ce

Thus for an experiment where I_, the instantaneous Rayleigh

R
scatter intensity is determined, the wvalues Np are defined

- = 2
from Np = (IR/U )IR.
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—— Rayleigh's theory
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FIGURE A.1 RAYLEIGH SCATTERED LIGHT INTENSITY AS INFLUENCED BY
PRESSURE FOR DIFFERENT FREON-12 CONCENTRATION (%> IN AIR
(isothermal conditions)
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FIGURE A.2(b> COMPARISON OF EXPERIMENT AND RAYLEIGHS THEORY
FOR THE SCATTERED LIGHT INTENSITY DURING AN ENGINE CYCLE
INTERVAL (3.5 CR ENGINE AND WITH FREON-12 AS INTAKE GAS>. THE
THEORETICAL RESULT WAS OBTAINED VWITH EQUATION A.19 AND VWITH
THE ASSUMPTION THAT o (t)/0=1; ie, negligible temperature and
pressure influence on refractive index
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FIGURE A.2(c)> COMPARISON OF EXPERIMENT AND RAYLEIGHS THEORY
FOR THE SCATTERED LIGHT INTENSITY DURING AN ENGINE CYCLE
INTERVAL (6.7 CR ENGINE AND VWITH SF AS INTAKE GAS>. THE
THEORETICAL RESULT WAS DETERMINED AS NOTED IN FIGURE A.2(b)
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FIGURE A.2<¢(d) SIMILAR RESULTS AS IN FIGURE A.2(c) BUT OBATINED
WITH AIR AS THE INTAKE GAS; THE LARGER DISCREPENCY INDICATED
HERE BETWEEN EXFERIMENT AND THEORY (ASSUMING NEGLIGIBLE

INFLUENCE OF TEMPERATURE ON THE REFRACTIVE INDEX VARIATION> IS
DUE TO THE LOWER HEAT CAFPACITY OF AIR
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FIGURE A.2(e> THE SAME RESULTS AS IN FIGURE A.2 (c¢> and (d)
BUT WITH ACCOUNT OF TEMPERATURE AND PRESSURE INFLUENCE FOR
BOTH THE NUMBER DENSITY AND REFRACTIVE INDEX VARIATIONS; THE
RESULTS SHOWN WERE OBTAINED WITH EVALUATING THE CORRESPONDING
POLYTROFIC EXPONENTS FROM THE IN-CYCLE MEASURED FRESSURE
RESULTING WITH THE USE OF THE DIFFERENT GASES (the values were
1.08 for SF and 1.31 for AIR in the crank angle interval of
interest, ie 330 to 360 degrees of crank angle)
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APPENDIX B

B.1l Optical Considerations of LRS in Confined Flows

In confined flows the intensity of the incident and
scattered laser light can be affected significantly as light
passes through flat or cylindrical walls of various materials.
Since the scalar quantities of interest are deduced from the
measurement of the scattered light intensity, any attenuation
or enhancement of the incident or scattered light due to wall
and surface imperfections or stray light from the surround-
ings will give erroneous results unless proper corrections
are applied to the detected signal. 1In this Appendix, the
effect that optical quality materials of practical importance
such as quartz, pyrex glass and plexiglass (perspex) have on
the incident and Rayleigh scattered light from a confined
Freon-12 jet are examined and a calibration procedure is
presented for correcting the photomultiplier output from con-
tributions unrelated to the Rayleigh signal.

A circular Freon-12 free jet as used in Chapter 3 has
also been employed in the present study. The jet exit
velocity of Freon-12 was 4.1lm/s corresponding to a Reynolds
number of 1.7 x lO4 based on nozzle diameter and Freon-12
density at atmospheric pressure. The jet was confined by a
cylindrical wall of 75mm ID. Three cylinder materials of
similar thickness (3-7mm) have been investigated which are
widely used in studies requiring optical access to internal
flows; quartz (fused silica), pyrex glass and plexiglass
(perspex). The effect of the cylindrical wall on the time-
averaged Rayeligh signal has been examined by comparing mean
concentration results in the initial region of the jet to
those obtained with a sampling probe. The transmittance of
the incident and scattered light through flat walls has also
been investigated since in many applications small flat
windows are employed when full optical access is not required
or when it is difficult to do otherwise.
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B.2 Experimental System

The Rayleigh light scattering system is the same as
described in Chapter 2; in the present case the laser was
operated at 0.6W and 51452. A low pass filter was set at
5KHz while the data sampling frequency was 1OKHz. The
Rayleigh system was tested first in the initial region of the
Freon-12 free jet in the absence of wall confinement and
interference from dust particles; the mean Freon concent-
ration was found to be within 1.5% from the sampling probe
results in both the axial (Figure B.1l) and radial (Figure
B.2) directions. The linearity of the Rayleigh signal as a
function of the incident laser light was tested for three
different gases at ambient conditions and found to be very
satisfactory (Figure B.3). The amount of incident laser
light was monitored by a Spectra-Physics power meter.

In the present investigation only time-averaged mean
concentration has been estimated and therefore shot noise
effects were directly deconvoluted by the averaging procedure.
Background light from solid surfaces needs to be estimated
and subtracted from the total signal since in many cases it
overshadows the Rayleigh scattered light. There are various
methods of estimating it: for example in reacting flows, the
laser can be switched off during the background measurement
time or the light can be mechanically chopped at fixed
intervals. Alternatively and with the laser on, the back-
ground light can be estimated by moving the collection optics
a small distance to either side of the scattering volume in
order to allow the slits to block the direct light from it.
Assuming a linear light distribution between the two points,
the average background light can then be calculated at each
measurement location and subtracted from the total scattered
light. This method works well in unconfined flows but in
confined flows the background light scattered from the walls
may vary significantly between the two adjoining points and

the measured average may therefore not be representative of
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the background light at the flow measurement location. A
preferred solution in confined flows is to either use flat
windows which do not distort the signal the way that
cylindrical walls do or to cut slots, if a cylinder is used,
to provide access to the entering and exiting laser beam or
even to the scattered light at 90° to the plane of polar-
ization of the incident light. However, opening holes or
slots may influence the flow field locally and introduce beam
steering due to refractive index variations along the beam
path when small pressure variations exist between the internal
and ambient flows. The effect of beam steering on the
Rayleigh signal can be alleviated by imaging the laser beam
orthogonal to the photomultiplier slits thus providing a
finite depth of field to the collection optics. When the use
of a window is unavoidable it has to be of optical quality,
flat and antireflection coated or uncoated but in such a case
it would need to be placed at Brewster's angle to the incident
beam. Since in certain applications (eg. internal combustion
engines) it is not convenient to have more than one window
but rather a completely transparent cylinder of adequate
thickness to withstand high pressures, the investigation
carried out here uses different materials to examine the
effect of flat and cylindrical walls on the output signal from
the Rayleigh system and its correct interpretation as mean
concentration in a confined steady Freon-12 jet. It should be
mentioned that in all cases the part of the wall opposite the
collecting optics should be painted black internally or
covered externally by a black absorbing surface since it was
observed that the photomultiplier output was extremely sensi-

tive to stray light behind the scattering volume.

B.3 Light Transmission Through Flat Walls

The experimental set-up for measuring attenuation losses

of the laser light through flat walls is shown in Figure B.4.
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The simple case is when the incident laser light passes
through a flat wall (a) before it is focused at a point in
the potential core of the Freon-12 jet and there are no
other walls around to interfere with the beam. The effect
of the presence of additional walls in the forward or 90°
scattering direction will be examined later by introducing
successively walls of equal thickness at locations (c) and
(b). In each case the reading of the laser power meter
measuring the transmission of light through the wall(s) is
compared with the light intensity wvariation observed by the
Rayleigh scattering system at a point in the potential core
of the jet.

Theoretically, when a beam of laser light in air passes
through a flat wall at nearly normal incidence and independ-
ent of its state of polarization* a small part of the
incident light is reflected off the surface and the rest is
transmitted through the wall. The amount of reflected light
R depends on the refractive indices of the wall material n,
and surrounding medium Do and for n = nw/nm is given by
(see Bohren and Huffman (1983))

R = (==%) (B.1)

The total transmission D through the wall depends mainly on
surface reflection but also on wall absorption according to
the following expression

D = (1-R)2e7KX (B.2)

where k is the absorption coefficient of the wall material

and x is the wall optical thickness; both k and n are functions
of the incident light wavelength. In Table B.l, the surface
reflectance and total transmission for the three optical
materials investigated are given assuming zero absorption;

for materials free from internal impurities and a thickness of

* for oblique incident on a flat boundary the polarization

state of the laser light becomes 1mportant Bohren and
Huffman (1983)



294

10mm, the estimated absorption is in all cases less than 5%.
The values listed in Table B.l are only valid for uncoated,
optically smooth flat surfaces since surface irregularities,
dust deposition or even fingerprints can cause diffused
reflection of the incident light over a distribution of
angles with a subsequent reduction in the total light trans-
mitted through the wall. For polarized laser light, material
inhomogoneities may be detrimental due to birefringence
effects which can cause arbitrary changes in the polarization
orientation of the scattered light (Dainty (1985)). In
Rayleigh scattering applications this is totally undesirable
because of the strong dependence of the scattered light

intensity on polarization orientation of the incident.

TABLE B.1l
Wall ‘ Refraction Surface Total
Material Index (514.5nm) Reflectance (%) Transmission
Heralux * 1.46181 3.5 93
fused silica
(quartz)
Pyrex glass 1.52049 4.3 91.6
Perspex** 1.49 3.9 92.2

* Heraeus trade mark

** Tmperial Chemical Industries Ltd. trade mark

Although the theoretically calculated transmission losses were
in all cases less than 9%, the measured losses by the light
power meter and the Rayleigh system were higher (Table B.2).

When the flat perspex wall was introduced in location (a)
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vertically to the laser beam, the laser power at the trans-
mission end was attenuated by 13% according to the power meter
and by 16% according to the Rayleigh scattered intensity from
the Freon molecules. Theoretically the two attenuation

losses should have been equal since the scattered light is
linearly proportional to the incident on the scattering volume
laser light. The higher attenuation losses measured by the
two methods compared to the theoretical value of 9% are
attributed to surface irregularities which increase the amount
of reflected/scattered light from the perspex wall. The
difference between the two methods is more likely due to the
reduced resolution of the power meter. When the thickness of
the perspex wall was doubled, very small differences were
observed in the amount of transmitted light which confirmed
the insignificant effect of wall absorption on the incident

on the scattering volume laser light. However, when two
separate perspex pieces of the same thickness as in (a) were
attached to one another thus introducing two additional
surfaces in the beam's path, the transmission losses increased
to 26% and 30% as measured by the power meter and the Rayleigh
system respectively. Almost identical attenuation loss has
been observed by the power meter when the two walls were
placed at positions (a) and (c) as shown in Figure B.4;
although in this case the Rayleigh system was not influenced
by the presence of the wall at (c) and resulted in a similar
loss to the single wall case. This was expected since the
incident beam on the scattering volume was only affected by
the presence of the wall at (a).

TABLE B.2
Measurement Attenuation losses (%)
Method
a ata a+c atbic
Power Meter 13 26 26 26
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The effect of wall confinement in the scattering direction
on the Rayleigh signal hes been investigated by placing an
identical to (a) and (c) flat surface at position (b). This
configuration, with the three flat walls fully enclosing the
Freon jet, resulted in an overall attenuation loss of 27%
which is slightly less than the 30% measured with the two
attached walls inposition (a). This indicates that the wall
in the scattering direction (b) plays a similar role to the
incident wall (a) in attenuating the Rayleigh signal and
reducing the overall sensitivity of the system.

B.4 Light Transmission Through Cylindrical Walls

When laser light passes through transparent curved walls,
the beam orientation with respect to the surface becomes very
important since any significant deviations from the normal
incidence increase the transmission losses due to internal
reflections which tunnel the light around the curved material.
The cylindrical wall, which is one of the most widely used
practical configurations, represents an extreme case of a
curved surface and requires special attention when optical
techniques based on light intensity are employed.

The effect of the wall on the Rayleigh signal obtained
from a Freon jet confined axisymmetrically by cylindrical
walls of various optical materials, has been investigated
in terms of axial and radial profiles of Freon concentration
(mole fraction) and compared with the results obtained by
the sampling probe. As Figure B.5 shows, the direct inter-
pretation of scattered light as mole fraction of Freon-12
underestimates the true Freon concentration by a maximum of
10% at x/d =8; this is true for perspex, quartz and pyrex
glass walls. The Freon mole fraction in the radial direction
was also underestimated (Figure B.6) by 5% which clearly
indicates that the effect of the optical wall independent of

material type can be significant in confined flows. The
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reasons for the observed discrepancy will be made clear in
the following paragraphs.

Figure B.7 provides a relative measure of the levels of
scattered light from Freon and air in the presence and
absence of the cylindrical wall. Without any wall confine-
ment, the intensities of scattered light from Freon and air,

respectively, are IF and I, while in the presence of the

A
cylindrical wall the corresponding signals from the same

point in the jet become IF,W and IA,W'

note that wall scattering increased the air signal (I

It is interesting to
a,w Ia)
although the amount of laser light incident on the scatter-
ing volume was less and as a result the intensity of the
scattered light from air was expected to be reduced relative
to the unconfined case. When Freon was injected inside the
cylinder however, the signal level instead of increasing
relative to the free jet due to the observed previously
scattering of light from the cylindrical wall, was signifi-
cantly reduced. This is more likely due to absorption of the
scattered light inside the cylinder by both the Freon mole-
cules and internal reflections from the cylindrical wall
rather than to attenuation of the incident laser beam between
the wall and the scattering volume; with the flat wall this
was found to be insignificant.

The use of Freon-12 as a scattering medium may have
implications on the obtained results due to its efficiency
for absorption of the scattered light directed towards the
photomultiplier. Considering the general case of an absorb-
ing and scattering medium, the radiative transfer is given by
(Becker (1976))

9L, an .

or

K, I

A Ta,ae™ a9, an (B.3)

where I is the intensity of scattered light at the laser

A,dR

wavelength A in a point r into a solid angle 41, BIA dQ/Br
14

is the rate of change of I in the direction of dQ, Ki,is

A,dQ
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the extinction coefficient and JA a9 is the source function
I 4

which represents the rate of increase of I with distance

from r along the direction of dQ due to segéggary scattering
of light coming from other directions into dQ by Freon and
air molecules along the same path. The term KAJA,aQ can be
further written as

(K + K,.) J

K9x,ae = %aa * Ks! Ia,an (B.4)
where Kla is the absorption coefficient which is related to
the concentration of absorbing particles in the same way as
K)\s is related to the concentration of scattering particles;
the absorbing or scattering particles may or may not be the
same. In the case of an air jet confined by a cylindrical
wall, the scattered light by the air molecules is partly
aksorbed by air molecules along the.optical path while the
stray light from the wall opposite the collecting optics is
much stronger and results to higher intensities as indicated
by IA,W in Figure B.7. The net effect of the wall in the air
jet case is to increase the total signal intensity by IW'
By placing the laser power meter opposite to the laser

(Figure B.4) and applying the results of the last wall inves-
tigation, whereby the attenuation effect of wall (b) on the
Rayleigh signal was found to be similar to that of (c), the
transmission loss of the laser beam through the cylinder can
be measured and used to estimate the absorption of the
scattered light by the gas molecules. If IL is the intensity
of incident laser light in the absence of the cylindrical wall
and IA the intensity of scattered light from pure air, then
the effect of the wall will be to reduce IL and at the same

time reduce even more the amount of scattered light, i.e.

IA = KIL (B.5)

and similarly,
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I' =KII! (B.G)

where K and K' are the calibration constants for the uncon-
fined and confined case, respectively. If the reading of

the power meter in the presence of the wall is I'L then

I'A,W = (IL'/IL)IA < IA since:’ there is no difference in
molecular absorption for the two cases and the wall always
attenuates the incident and scattered light. If the measured
intensity I

is higher than I' the difference is

A,W AW
attributed to wall scattering in the direction of the collect-

ing optics, i.e.
I - Il - I (B-?)

In the case of the Freon jet the same procedure applies;
again the reading of the power meter will indicate the trans-
mission losses through the wall but in this case absorption
may be significant and an additional correction is required.
If the signal from Freon is IF' then

(I'

F,W ~ (IL'/IL) (IF - IA) (B.8)

(T - I

Fw - faw T

Fw - Ia,w tCa,w (B.9)

where Ca,W represents at each measurement location the differ-
ence between the measured signal in the presence of the wall
(IF,W - IA,W) and that estimated from the transmission loss
indicated by the power meter and the signal from the free jet
(IF - IA). This correction factor, when added to the

measured signal by the Rayleigh system, accounts for the
absorption losses by the Freon molecules inside the cylinder
and furthermore for the underestimation of the Freon concen-
tration in Figures B.5 and B.6. When this correction
procedure was applied to the results of Figure B.5 for the

three different cylinder materials, the Freon mean concen-
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tration was found to be within a maximum of 5% from the
sampling probe results which are considered to be accurate.
This degree of accuracy is considered to be very satisfactory
on the basis of the assumptions involved in the analysis and
the resolution of the laser power meter.

The variation of background light from the walls along
the radius has been examined and as shown in Figure B.8
increases towards the wall for both quartz and perspex walls.
This is true for air and Freon although the ratio of their
respective signals does not remain constant with increasing
radius. The observed difference in slope of the background
light intensity between the two gases partly explains the
underestimation of the true Freon concentration in the radial
profile of Figure B.6. For Rayleigh measurements at larger
radii, the cone of scattered light gets out of focus for the
fixed collecting system and thus requires refocusing which
can only be achieved by rotating the light collecting system
around the cylinder. As can be seen in Figure B.8, the back-
ground light from the wall increases with radius and even-
tually overshadows the Rayleigh signal due to the defocusing
of the collecting optics. Measurements away from the central
part of the cylinder require careful calibration and are
expected to be less accurate than those along the cylinder
axis due to background effects and distortion of the scatter-
ing volume image.

Variation of the background light along the cylinder
axis has been observed in the three optical materials
investigated and found to be significant. As shown in Figure
B.9 the signal from air within the cylinder fluctuates around
a mean value along the axis as a result of surface irregular-
ities and wall inhomogenities which are more prominent with
the perspex wall and less with quartz. This can introduce
significant errors to the centreline Freon concentration when
it is deduced directly from the measured signal intensity.
Figure B.1lO shows the centreline distribution of the scattered
light when the cylinder used by Arcoumanis et al (1984) is
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filled with pure Freon and pure air and when Freon is injected
in a transient manner through an injector nozzle. From these
three signals, the Freon mean concentration has been calcul-
ated by two methods.

l. Using the procedure described by Arcoumanis et al
(1984) and estimating the uncorrected Freon-air signal assum-

ing uniform wall scattering, i.e.

(I-I,)
= A | (B.10)

o (I.-I

| i

tall

F A)

where IA is the average background intensity estimated by off-
setting the collecting lens symmetrically to either side of
the scattering volume.

2. Employing a new procedure whereby the signal from
pure 100% Freon is used as a correction factor to account for
wall and surface inhomogenities along the cylinder axis. By
considering at each measurement location the difference
between the local signal with 100% Freon and the average 100%
Freon signal, the Freon mean concentration can be obtained as

= (B.11)
(Ip=TIpx)o

| >

kel

where Ci is a correction factor (O<Ci<1) based on the local
Freon jet concentration and accounting for all spatial
intensity contributions, i.e.

(=]

C. = i S I(r) dr which is approximated in terms of
i Io(r) o

local effects by
(I-Ip) 3 + (T-Ip)449

c, = (B.12)
2(Ip=Ip),
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where the subscript i represents the measurement location

and o the reference condition (potential core of the jet).

The corrected signal shown in Figure B.1l0 does not exhibit

the fluctuations of the uncorrected signal and, as expected,
the corrected mean Freon concentration decays gradually

along the axis. Since the results of Figure B.1l0 have been
obtained in a perspex cylinder which according to Figure B.9
is more susceptible to variations of the scattered light from
the walls, a similar correction procedure can be employed
with any optical material. 1In addition, since the centreline
concentration results in the model engine reported by
Arcoumanis et al (1984) have been obtained with the same
perspex cylinder but without having been corrected for wall
inhomogeneities they are in error especially around a distance
from the nozzle of about 4 diameters (i.e. 12mm). Results in
the same engine (see Chapter 4) did not exhibit any signifi-
cant variations of mean concentration along the cylinder axis
because these measurements have been intentionally obtained at
a selected axial plane where background scattering from the
wall was nearly uniform. The effect of wall inhomogeneities
in the temporal intensity distribution was also considered and
found to be insignificant in terms of the computed higher
moments due to the relative, rather than absolute, effect of
the wall on the instantaneous signal. Designating two
arbitrary orientations of the cylinder by a and B and the
conditions at the nozzle exit by (o), if the effects on rms,

for instance, were absolute then

/clz /CIZ
2 = :% = const. (B.13)
o o

where C' 1is the ensemble variance and Eo the mean concen-
tration. The result (B.13), however, does not hold in the
presence of optical inhomogeneities. The correct result found
is given by
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/C'2

12
(./c

St
I

) .= const. (B.14)

(@]
(@]

similarly, it is found that another constant results if the
values (C'2) and C. are referenced to an absolute maximum
result, (C'z)m and (E)m in the form of differences

(Clz_ CIZ)% ('cl2_ CIZ)%
_m — o = _m £ = const. (B.lS)
“m ~ a Cm.— CB

The result (B.1l5) can be verified from Figure B.ll where the
mean and variance of scattered light intensity detected from
the potential core of the jet are shown as a function of
displacing the collecting lens over increments Gi. The
quantities shown are all normalized with respect to their

respective values at Gi = 0 (i.e. collecting lens focused).
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FIGURE B.11 DETECTION OF RAYLEIGH SCATTERED LIGHT ALONG THE
FIELD OF VIEW OF COLLECTING LENS (see FIGURE 2.1) OBTAINED BY
DISPLACING THE LENS IN INCREMENTS OF &=.0375 mm AWAY FROM THE
FOCUSED BEAM CENTRE. THE MEAN AND VARIANCE VALUES SHOWN ARE
NORMALIZED BY THEIR RESPECTIVE VALUES OBTAINED WITH THE LENS
FOCUSED ONTO THE LASER BEAM CENTRE. THE MEAN VALUES FOR AIR
AND HELIUM ARE NORMALIZED BY THE MEAN VALUE OF FREON TO
INDICATE THEIR RELATIVE INTENSITY TO FREON. NOTE THAT AT A
SUFFICIENT DISTANCE AWAY FROM THE FOCUSED BEAM CENTRE, (0,
THE SCATTERING LEVEL FROM AIR REPRESENIS THE EQUIVALENT
INTENSITY LEVEL AS HELIUM (ie, the optical background level)
AT THE FOCUSED LENS CENTRE.
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C.1 Microcomputer Software for Transient Flow Measurements

Nomenclature:

tall

Ae

maximum frequency measured
sampling frequency

number of engine cycles

number of encoder pulses per cycle
number of data samples

fuel injection time

total measurement time

measurement start flag (TM 1)
measurement stop flag (TM2 = 1)

instantaneous fuel concentration (mole
fraction)

mean concentration (mole fraction
mean concentration at nozzle exit
axial coordinate

crank angle window

crank angle

This Appendix describes in detail the software develop-

ments for a measurement system which is microcomputer based

and used to study the turbulent fuel/air mixing process in a

non-compressing and compressing model Diesel engine employed

and described in Chapters 4 and 5. The software developments

have been motivated by the need to carry out extensive
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measurements requiring high accuracy, minimal time and to be
able to provide a general system for use in other transient
flow environments. In summary, this involved the data
sampling and analysis, developing special purpose graphics
and the interface of the microcomputer to analogue devices.
The software developed serves to (i) conditionally sample
the injection process (ii) control the injection process
during each engine cycle and (iii) fully automate the data
acquisition, storage and analysis. Data analysis includes
the calculation of statistics, autocorrelation and frequency
spectrum of the concentration fluctuations. The experimental
system and presentation of typical results are reported in
the subsequent sections.

C.2 Signal Processing

A laser Rayleigh scattering system as described in
Chapter 2 is used. The output of the photomultiplier is dis-
played on an oscilloscope and input to a software controlled
data acquisition system. The data acquisition hardware con-
sists of a four-channel 12-bit A.D. convertor digitising the
input voltage at 30KHz. The system uses Analogic MP6812
data acquisition modules to manage multiplexing, samplehold
and A/D conversion. The microcomputer is a 48 K RAM APPLE-IT
which is built around the MOS 6502 microprocessor. Collected
data can be stored on either floppy or hard disk. A gating
system with input from an optical shaft encoder connected to
the crank shaft of the engine is used to control both the
measurement and injection times. The shaft encoder provides
1000 pulses per revolution and has a marker pulse synchronised
with the top-dead-centre (TDC) position of the engine. The
pulses from the shaft encoder are used to activate the gating
system based on pre-programmed sequences issued as commands
from the microcomputer. When measurements are made in the

compressing engine the output from the pressure transducer
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is simultaneously read with the photomultiplier output; a
line diagram of the signal processing system is shown in

Figure C.1.

C.3 Software Developments

Data Sampling

The sampling of data in the engine flow to accurately
represent the mean and fluctuating concentrations of injected
fuel is complicated since the transient and periodic flow can
vary from cycle to cycle. Therefore, an on-line conditional
sampling scheme was developed to measure events in each cycle
which represent similar conditions from cycle to cycle. The
procedure involved monitoring the time of arrival of a
specified crank angle degree (CAD) and monitoring the rpm
before and after a set of data are collected during a cycle.
Formulation of the software is based on the user being able to
specify the sampling frequency, number of cycles, measurement
time in the cycle and window (in terms of crank angle degrees)
over which data are to be collected; the limitations on these
parameters being defined by the execution time of the software
as defined by the hardware response. When pressure measure-
ments were made specification could also be made of pressure
deviations from cycle to cycle, in particular, for peak cycle
pressure and pressure at the start and stop of fuel injection.

The CAD's relative to TDC may be determined from

- A8 ___/rev
1000 pulses/rev P
where emax is the number of CAD's in a complete engine cycle

and Np is the number of pulses counted after the marker pulse.
The time which elapses over a given measurement window of,

say, A is
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Tu = ﬁ%; X 960 (sec) o (C.2)
max

where AG = ANP X emax/lOOO and ANp is the relative pulse
count monitored from the shaft encoder. For a constant
sampling frequency, fs, the total samples which can be

obtained during the time Tu are

NS = Tufs + 1 (C.3)

From equations (C.2) and (C.3) the result for Ns can then be
expressed . as

N =_A2.(_69..

s “rem § fs * 1 (C.4)
MAX

and the theoretical maximum frequency measured is fm = fs/a
where a should be chosen to be greater than or, as a minimum,
equal to 2 (i.e. the Nyguist Criterion).

The measurement software follows the flow chart of
Figure C.2 and was programmed in APPLESOFT BASIC with the
data sampling routine, QUIK, in assembly language for the
6502. The transition diagram for QUIK is shown in Figure C.3
and two versions were developed. One version has a fixed
sampling frequency of 26KHz while the second has a variable
sampling frequency ranging from 900Hz:to 18KHz. The con-
straint on the number of data collected per engine cycle,
apart from the definition in equation (C.4), depends on the
memory allocation scheme used for measured data. For the
present application it was adequate to allocate as a maximum
768 RAM bytes of the micro for data storage per cycle per
measured signal. However, since a 12-bit word (2-bytes) was
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used to represent each output voltage value, this address
count permits a maximum of 384 actual data pairs per cycle
to be measured and stored. If the value for Ns found for a
choice of parameters in eguation (C.4) is less than the
maximum, the memory bytes allocated for each cycle is then
adjusted accordingly by the software. The limits on the
sampling frequency range arise from the A/D and Apple synch-
ronization requirements and the cpu clock which governs the
execution time for the machine programmed operations. For
the variable frequency program the upper and lower limits on
Ns are defined by

L - 1 _
fs . (NSMIN 1) € REM S fs (Ns 1) (C.5)
MAX MIN MAX

The program QUIK also carried out real-time control of the
injection process and checks against systematic errors in
the measurements. For example, the time associated with a
measurement window as given by equation (C.Z) defines what
the expected data count (C.4) should be. Rounded off to the
lowest integer value, this number of samples should appear
in the computers memory for each cycle. If this is not the
case the engine cycle data is considered corrupted and not
kept.

To provide enough data for computing statistical quan-
tities, such as the ensemble-averaged mean and rms of the
concentration fluctuations, a minimum of 4096 data were
collected over a number of engine cycles, Nc' This number,
for an arbitrary number of samples, say N, is found from

N, = N

c (m) RPM (C.6)

where k « Aexfs.
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Gating System Control

Control of the gating system is carried out by commands
issued from the microcomputer. Two gates are addressed
independently by software to control commencement and duration
of both the fuel-injection and measurement times. The shaft
encoder pulse train is ‘input ta:the gating system and moni-
tored by software to decide what events should be carried out.

Typical measurements of interest correspond to fuel
injection initiated at 40 degrees before TDC and terminated
at 20 degrees before TDC. For the engine speed of 200 rpm
the time of arrival of the pulse indicating start of injection
is about 267ms. If the pulse arrives *o.3ms away from this
time data are not collected for the cycle. When the pulse
arrival time is acceptable, the rpm immediately prior to
sampling and after sampling is recorded and compared sub-
sequently to a preset value. If a drift greater than i'0.5%
in rpm is detected data collected for the cycle is then
rejected. The time for issuing a pulse from the gating system
to close the solenoid valve is counted in real-time by a soft-
ware clock and ensures that the same times.elapse in between

start and stop of each injection to within iO.lms.

Data Analysis

Mean flow quantities are computed by ensemble averaging
data collected for the total number of engine cycles measured
at a particular location. For ensemble averaging purposes
data are collected over a finite crank angle window, typically
5 CAD's during the time when the fuel injection process
behaves quasi-steady. This measurement window is centred at
28 .5 degrees before TDC and is represented in Figure 4.4.

The implications of this averaging technique in engine flows
have been discussed by several authors, see for instance
Witze et al (1984). The algorithms for computation of meah

concentration, rms and higher moments, such as skewness and
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kurtosis, are executed with machine coded instructions
addressing a floating point arithmetic processor (California
Computer Systems - Model 7811l) for fast arithmetic execution.
The equations used follow from discrete signal statistics and
account for the photon statistics associated with the LRS
signal. These are presented and discussed in Appendix A.

The determination of spec¢tral information and auto-
correlations for the transient data are made with the direct
transform method of Gaster and Roberts (1975, 1977); see
also Bendat and Piersol (1971) for the discussions on com-
putation of the autocorrelation function for transient and
non-stationary signals.

Data processing can be carried out on-line to provide
checks on the results being measured and perform system
calibration. The bulk processing of all measured data, how-
ever, was performed automatically and involved reading a data
file, computing required gquantities and appending the data
file with the final results. Once the results were available,
additional software could access these and create a specific

data base for interactive analysis.

Graphics

Graphics were developed to provide on- and off-line
visualization of both raw data and analysed results using .
the high resolution graphic features of the APPLE. The
key aspect of the graphics package was its access to any
number of data files to search for specific results (i.e.
arbitrary cycle results) and combine presentation on the
VDU or perform specific plots of temporal injection dist-
ributions, autocorrelation.:functions and log-log plots
of the frequency spectrum. The results could then be hard
copied or continuously updated if graphics were used on-

line.
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C.4 Software Integration

The features of the software described above were
combined and organised to provide rapid access and execution
under the general name MONA. The software system was menu
driven and the general structure as shown in Figure C.4 was
arrived at to permit ease of software use in the current
application and make modification of the individual modules,
or addition of new modules, independent of the measurement
environment. The executive program, MONA.@, was used to
initialise the measurement system, provide access to the
hard disk utilities, update a measurement log and prompt the
user to proceed. The program MONA.l was then called and
used as a.controlling program to access all system software.
The programs MONA.RUNX were configured on-line as shown in
Figure C.5. A brief description of the programs is given
below:

MONA .RUN1 User defines all parameters as listed
in Table C.1 and specifies program flow

MONA .RUN2* Automatic version for commencing in-
jection and measurement at set 8's with
sampling at 10KHz. Measurements are
made over 5 degree window, ensemble-
averaged on-line and results are stored

and displayed.

MONA.RUN3* Automatic version to measure instant-
aneous injection trace for a 40 degree
window. Data are sampled at 5 or 10
KHz.

Only require initial input for the total number of measurements and
respective coordinates
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MONA.ECAL Data analysis program
MONA.GRPH Graphics program
MONA. PC A program containing the rpm monitoring

and gating system software for use with
other instrumentation requiring timing
information

TABLE C.1 Input paranéters for MONA.RUNX

Engine Parameters:

. Engine speed (rpm)

. © to start injection (deg)

. © to stop injection (deg)

. 8 to start measurement (deg)

. © to stop measurement (deg)

Measurement Parameters:

. Axial position (mm)

. Radial position (mm)

. Highest frequency to sample (KHz)

. Number of engine cycles
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INITIALISE

user defined:
- engine speed (rpm)
- injection time Tj
- measumment start,
stop TM=0,TMp=0
- no of cycles, N¢

continue

TIME
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SYNCH
reset
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- timing

INJECTION
turn on
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RETURN
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FIGURE C.3 TRANSITION DIAGRAM OF SAMPLING ROUTINE "QUIK"
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