EXPERIMENTS WITH ISOTHERMAL TWQO PHASE FLOWS

IOANNIS HARDALUPAS
DIPL (Eng.)

Thesis submitted for the degree of
Doctor of Philosophy
in the University of London
and for the
Diploma of Membership of the Imperial College

Imperial College of Science, Technology and Medicine
(Department of Mechanical Engineering)

September, 1989



To my Parents



iii

ABSTRACT

Velocity and flux measurements of spherical glass beads with
nominal diameters of 200, 80 and 40 pm and velocity measurements
of the gas phase in the presence of the beads have been obtained by
phase-Doppler anemometry in a round, unconfined, fully turbulent air
jet over the first 28 diameters and a round, turbulent, sudden-step
expansion. The purposes of the experiments were to quantify the
influences of bead diameter and mass loading on the dispersion of the
beads and on the velocity characteristics of gas phase in the presence
of the dispersed phase. The bead volume fraction was always
sufficiently small that bead-to-bead interaction was negligible. The
results were interpreted in terms of the relative timescales of the
mean and turbulent motion of the carrier fluid and the inertial
timescales of the beads, which were 298, 48 and 12 ms respectively.

The jet diameter was 15 mm and the exit velocity was 13 m/s
giving a Reynolds number of 13000 and an exit timescale of 1.15 ms
which increased quadratically with axial distance. Gravity effects were
negligible. The mean centreline velocity of the jet of the 80 um beads
decayed to about one-half of the bead exit velocity by 28 diameters
downstream and was independent of mass loading up to 86%. The
decay rate of the mean gas centreline velocity in the presence of the
beads reduced with increasing loading due to transfer of momentum
from the discrete to the gaseous phase and, at least beyond 20
diameters from the nozzle, resulted in increased turbulence relative to
the single phase jet. The decay rate of the mean centreline velocity of
the 40 um beads decreased with increasing loading and, in contrast to
the 80 um beads, the rate of spread decreased with increasing loading
up to 80%. Although the beads were not expected to be responsive to
the frequencies of the energy-containing eddies, the bead axial r.m.s.
was more than twice as large as the radial r.m.s. velocity and the
correlation coefficient of the cross correlation between axial and radial
r.m.s. velocity was larger than that of the single phase. The large bead
turbulence, anisotropy and strong correlation coefficient is explained
by the superposition of bead trajectories from regions of different bead
mean velocity, referred to as the fan-spreading effect, and is not due
to acquisition of turbulent motion from the gaseous phase.
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The round sudden step expansion had identical initial
conditions with the jet experiment and two expansion ratios of 3.33
and 5 were examined. The 80 um beads entered the recirculation
zone for the expansion ratio of 5, but not for 3.33, which was due to
the combination of a favourably long transit time along the corner
recirculation zones, together with dispersion by the large eddies of
the flow. Gravitational effects occured in the recirculation zone.
Their dispersion rate increased with loading increasing up to 86%
and the axial bead r.m.s. velocity was found larger than that of the gas
phase in large part of the recirculation zone and this was an artefact of
the fan-spreading effect and the bead response to the large eddies of
the flow. The recirculation length of the beads was smaller than that
of the single phase and increased with loading. The gas phase
recirculation zone was extended and was up to 40% longer than that
of the single phase for bead loading of 86%, in contrast to that of the
single phase which is constant and independent of Reynolds number
and the gas phase axial r.m.s. velocity was suppressed in the
recirculation zone relative to the single phase. The 40 pm beads
entered the recirculation zone for both expansion ratios and, in
contrast to the 80 um beads, the dispersion rate decreased and their
reattachment length increased by 15, 30 and 55% relative to that of
the single phase respectively for loadings 13, 40 and 80%. The axial
bead turbulence was lower than that of the single phase in the
recirculation zone but more than twice that of the bead radial and
azimuthal r.m.s. velocity.

Reliable instrumentation was required for the preceding
simultaneous size and velocity measurements and for this purpose the
phase-Doppler technique was developed. The influence of the
collection angle, the angular spacing of the detectors, the beam
intersection angle, the aperture integration, the refractive index and
the Gaussian intensity distribution of the incident beams on the
linearity and slope of the calibration curves were established from
analysis of light scattering based on geometrical optics. Validation
schemes were proposed to reduce sizing errors. The technique could
size spherical particles for large off-axis forward-scatter direction,
sidescatter and maybe backscatter collection angles, was independent
of the turbidity of the flow and could discriminate the gas phase
seeding particles from the dispersed phase.
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GLOSSARY OF SYMBOLS
Roman characters
Aldy) effective area of the sampling volume of the
anemometer for the size class "i" (equation (2.38) and
(2.39))
C particle concentration (no. m3) [ C(t) = C+c' ]
C(dy time average of particle number density (number of

particles per m3) of size class "i", which includes
diameters between d, and d, + dd (equation (2.39))

D downstream pipe diameter of sudden expansion or
divergence of the scattered light (equation (2.8))

d jet pipe diameter or upstream pipe diameter of
sudden expansion

dp particle diameter

E(x,m,6,t) electric field function of the scattered light
Ey electric field of the incident beam
Er electric field of the interference of the scattered light

at one point in space

Eij(x,m,e) electric field of the scattered light with subscript i =

1, 2 polarisation and due to subscript j = 1, 2 one of

the two beams of the laser Doppler system

electric field component of the incident beam for Eij

Ek( electric field of the interference pattern of the
scattered light where subscript k = 1 or 2 denoting
one of the two beams and superscript (1) = (1) or (2)
denoting contribution from surface reflection or
refraction correspondingly

F,.F Bead flux taking into account the directional
ambiguity of the flow; + for beads moving with
positive velocity and - for beads moving with negative

velocity
f fringe spacing of the laser Doppler anemometer
G particle flux (no. s'! {area of measurement volume}™!)
I intensity of the interference pattern of the scattered

light at one point in space
0 intensity of the incident beam
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r1 or 2
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intensity of the intensity pattern of the scattered light
where superscript (ij) denotes the considered
scattered light contributions to the interference
pattern and i, j = 1 or 2 denoting surface reflection or
refraction correspondingly while i corresponds to
contributions from beam j and 1 from beam 2 (figure
2.5)

dimensionless intensity of the scattered light

first order Bessel function

wave number of the laser light (=2x/1)

length scale of turbulence in the cross-stream
direction

refractive index of the particle relative to the
surrounding fluid

mass flow rate (kg s'1) of beads or air in the jet pipe

number of clock pulses measured by the counter over
the duration of 5 Doppler periods

number of clock pulses measured over the duration of
8 Doppler periods

measured number of particles in the size class "i"

integer which determines the interface of the
scattered ray with the sphere (chapter 2)
radius of jet pipe

Reynolds number

Lagrangian fluid velocity correlation, the time integral
of which defines the Lagrangian fluid timescale, T,

and the average is over all "fluid particles" that start
from the point of release (equation 1.1)

radial coordinate of the jet experiment

Fresnel reflection coefficients (equation 2.6)

Stokes number of beads based on conditions at,
respectively, the jet pipe exit, the local mean flow
and local turbulent flow, the transit time through the
recirculation zone and the centrifuging due to
streamline curvature
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refr,
surf. refl.
S

1st int. refl.

S i,
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Amplitude functions of the light scattered by a sphere
located in a single beam, one polarised normal to the
scattering plane and the other parallel (figure 2.2)
Amplitude function due to the interference from the
refrected paths scattered by one sphere located in
the crossing region of two beams

Amplitude funcion due to the interference from the
surface reflected paths scattered by one sphere
located in the crossing region of two beams
Amplitude function due to the interference from the
first internal reflection paths scattered by one sphere
located in the crossing region of two beams
Amplitude function due to the interference from the
diffracted light scattered by one sphere located in the
crossing region of two beams

amplitude function of the scattered light with
subscript i = 1, 2 polarisation and due to subécript j=
1, 2 one of the two beams of the laser Doppler system
time

large eddy timescale of a jet (equation 1.10a) or
equation (4.9)

timescale of deceleration of centreline velocity in
single phase jet or sudden expansion centreline
(equation 1.13)

Eulerian timescale of air (equation 1.7)

Lagrangian timescale of beads, air and particles,
respectively (equations 1.6)

transit time of the beads through the recirculation
zone

total sampling time of the measurements after
subtracting the dead time of the prototype counter
frequency validation tolerance; is either a function of
Ng or a constant set by the user

mean centreline velocity of single phase

bulk mean air velocity at exit of jet pipe or in the pipe
downstream of the step of the sudden step expansion
flow



Y2(t)
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mean centreline velocity of the single phase at exit of
jet pipe

axial mean slip velocity between the fluid and the
dispersed phase

axial component of velocity [ U(t) = U + u' |

r.m.s. component of U, u' =V u?
radial component of velocity [ V(t) = V + v' ]
effective volume of the intersection region of the

beams of the anemometer for the size class "i
(equation (2.41))

r.m.s. component of V, v' = vV v2

radial variance of velocity

Lagrangian mean square fluctuation of the fluid
velocity (equation (1.1)

tangential component of velocity [ W(t) = W + w' |

r.m.s. component of W, w' =V w?
Mie nondimensionless size parameter (=7rdp/7&)

(chapter 2) or axial coordinate of the jet experiment
(chapter3)

mean square displacement of "fluid particles" from
the point of release (equation 1.1)

elevation angle of the observation location relative to
the plane of the beams (chapter 2, figure 2.5) or
radial coordinate (chapters 3 and 4)

axial coordinate of the sudden step expansion
experiment (chapter 4)

Greek characters

phase due to optical path length difference to the
reference path passing through the centre of the
scattering sphere (equation 2.12)

rate of dissipation of turbulent kinetic energy of air

percentage of Ng set for the frequency validation
tolerance Tol (equation 2.36)
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scattering angle relative to the axis of a single beam
or the bisector of the intersection angle of two beams
angle between the incident ray and the ray emerging
from the p interface (equation 2.9)

wavelength of laser light

dynamic viscosity of the air

effective turbulent viscosity of air or of particle
kinematic viscosity of air

rotation angle of the scattered light theory geometry
(figure 2.5)

3.14159

density of air or particles

the sum of residence times in the measuring volume
of particles in size class "i" (equation 2.41)

phase of the interference scattered fringe pattern at
one point in space (equation 2.25 and 2.26)

phase of the interference pattern of the scattered
light at one point in space where superscript (ij)
denotes the considered scattered light contributions
to the interference pattern and i, j = 1 or 2 denoting
surface reflection or refraction correspondingly while
i corresponds to contributions from beam j and 1 from
beam 2 (figure 2.5)

time (equation 1.1)

angles between the surface tangent of a transparent
spherical particle and the incident and refracted ray
correspondingly (figure 2.3)

Doppler signal period

Kolmogorov timescale (equation 1.5)

particle time constant

time of phase shift between two Doppler signals
(equation 2.1}

phase measured between the outer detectors of the
phase-Doppler system

phase measured between the central detector and an
adjacent one of the phase-Doppler system
intersection angle of the two beams of the phase-
Doppler system
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P19 angle between the scattering plane of beam 1 or 2
and the major circle passing from the observation
point in space and is normal to the plane containing
the beams (figure 2.5)

x mass loading ratio at jet pipe exit ( = m,/m_ )

X1.2 angle between the plane of the beams and the
scattering plane of beam 1 or 2 (figure 2.5)

® angular frequency of light

®p Doppler frequency

Subscripts
b bead (dispersed phase)
s single phase flow
f air in the presence of the dispersed phase
Lb.f,p Lagrangian value of bead, gas or particle
om value on centreline at jet pipe exit
9] particle
Superscripts

time mean, Reynolds, average



CHAPTER 1

INTRODUCTION TO THE THESIS

1.1 The flows considered

Flows involving the simultaneous existence of two states of one
material or two different materials in different states and at conditions
that can be considered as carrier fluid and dispersed phase are called
two phase flows. So the co-existence of liquid and solid phase or
gaseous and solid phase or liquid and gaseous phase flowing together
in a carrier fluid-dispersed phase combination constitute a two phase
flow.

A variety of two phase flows existsin nature and in engineering
applications. The wind or rivers carrying dust or sand, the snow, the
rain are examples in nature and the rate at which particles spread in a
turbulent flow is of interest in a number of industrial applications.
Knowledge of the physics of such flows could be used to extend the
life of materials which suffer from erosion caused by the dispersed
phase, or to achieve efficient and stable combustion of the
heterogeneous reactants of droplets of liquid fuel or pulverised coal by
better control of mixing in an internal combustion engine or a power
plant respectively, or to reduce emissions to the environment from
power plants or internal combustion engines.

Until recently, little was known from experiments about the
aerodynamics of particulate turbulent two-phase flows and of the
interaction between the two phases, because of the difficulty of
making the necessary measurements. Although many models have
been formulated and used in the prediction of two phase flows, all
suffer experimental confirmation of the assumptions of the physical
processes associated with the two phase flows.

This thesis reports measurements in a particle-laden round
fully turbulent jet and a round turbulent sudden step expansion using
air as carrier fluid and glass beads as dispersed phase. The influences
of particle size and mass loading on the dispersion of the particles as
well as on the interaction between the two phases are examined and
interpreted in terms of the relative timescales of the particles, due to
inertia and to the mean and turbulent motion of the carrier fluid.



Reliable instrumentation for simultaneous size and velocity
measurements was needed and part of this thesis examines the
extension of laser Doppler anemometry for these purposes. A phase-
Doppler anemometry instrument was developed for the needs of the
experiments and the advantages and the limitations of this technique
are examined.

1.2 Previous work

This section reviews relevant literature and provides the
necessary background to establish the aims of the present
contribution. The review begins by examining the effects of particle
inertia, crossing trajectories and volume fraction of particles on the
dispersion rate. Then, after establishing the limitation of current
knowledge and further requirements, the abilities of available
instrumentation to provide size-velocity correlations are considered.

a) Two phase flow : theorv and experiment

(C)Effects of particle inertia, crossing trajectories and volume fraction of
particles on dispersion rate

In two phase flows the dispersion rate of a cloud of particles
released into a flow is important since it controls the concentration of
the cloud as a function of time and position. Taylor (1921) assumed
"fluid particles" smaller than the Kolmogorov microscale with no
inertia in order to express in mathematical form the dispersion of a
fluid and suggested that their statistical dispersion from any given
fixed location in a stationary homogeneous turbulent flow as a function
of time is described by the mean square displacement from the point
of release as follows :

t

— - (¥

Y2(t)= 2 v 2 JIRL(c)dr dt (1.1)
0

0

where va2 is the Lagrangian mean square fluctuation of the fluid
velocity, R; (1) is the Lagrangian fluid velocity correlation, the time



integral of which defines the Lagrangian fluid timescale, T;, and the

average is over all "fluid particles” that start from the point of release.
Lumley (1978) has suggested the use of equation (1.1) for the motion
of discrete particles, which are characterised by inertia in the
following form :

Y2(t)=2 v 2 tT) (1.2)

where va2 is the Lagrangian variance of the particle velocity, T p is

the Lagrangian timescale of the particle motion and the average is over
all the particles starting from the point of release. The turbulent
diffusion coefficient, or eddy diffusivity, v eff.p 1S the rate of dispersion

(Calabrese & Middleman, 1979) given by :

dY2(t) Y
=" qt =2 VLp Tp (1.3)

Veff.p

These expressions can be extended from homogeneous turbulence to
transport in uniform shear flows (Tennekes & Lumley, 1972) but
there is nothing to be gained, for the purposes of this discussion, by
introducing more complexity. There are two parameters of the
discrete particles which differ from "fluid particle" characteristics and
are practically important because they can be controlled : the inertia
and the concentration of the particles.

Since the particle inertia is greater than that of a "fluid point",
the particle fluctuating velocity is smaller, at least in homogeneous

flows. So vaz is less than vaz. The inertia is characterised by a

particle time constant (Snyder & Lumley, 1971) :

2
dp (1+2P_p_)

Ps
= 1.4
(A 36 (1.4)

where the subscripts p, f mean correspondingly particle, fluid, p is
the density and v is the kinematic viscosity of the carrier fluid. This



time constant acts as a first order filter on the "forcing" function,
which is the spectrum of frequencies of the turbulent fluid flow. The
amount of low-pass filtering effected by the inertia may be evaluated by
comparing t, with turbulent characteristic timescales of the fluid flow,

such as the Kolmogorov timescale (Snyder & Lumley , 1971) :

v 0.5
Tk=(;) (15)

where v and € are correspondingly the kinematic viscosity and the
dissipation rate of the fluid flow, the Lagrangian timescale (Meek &
Jones, 1973), which can be approximated (Vames & Hanratty, 1988) :

\Y
7= < (1.6)

2
A

where v ¢ is the effective viscosity of the fluid and vf2 is the Eulerian

mean square fluctuation of the fluid velocity and the Eulerian fluid
integral scale :

t-1) vt

e [0, w
Ve

0

The ratios between the particle inertia time constant and the
different characteristic turbulent timescales of the fluid flow can be
referred to as turbulent Stokes numbers which indicate the
response of the particles to the turbulence of the fluid flow. Here, the
Lagrangian fluid timescale, T, is mainly used, which corresponds to
the minimum frequency to which a particle should respond, if it is
going to be influenced by fluid turbulence.

The effect of particle inertia is to cause the particle fluctuating
velocity to be smaller than that of the fluid (Snyder & Lumley, 1971)
and to increase the particle velocity integral timescale, T P (Chao,
1964). It is obvious from equation (1.3) that the particle diffusivity is
the subject of two competing trends and the net increase in the



particle turbulent diffusion coefficient as particle inertia increases is
predicted to be small (Reeks, 1977, Pismen & Nir, 1978, Shih &
Lumley, 1986) for small particles in the absence of external forces
(e.g. gravity). This has been confirmed experimentally for
homogeneous isotropic flows (Wells & Stock, 1983, Vames &

Hanratty, 1987). The latter reference shows, that even when particle
inertia reduces the turbulent Stokes number T £ / tp to about 0.5, so

that v;? / v is only 0.5, the turbulent Schmidt number of the
particles, Vv g/ Veff.p’ is still as high as 1.2. The practical importance

of this result is that the dispersion rate of a particle cannot be

assessed even qualitatively from the measurement of the vp2 / vf2

alone.

A particle, influenced by an external force field, e.g. gravity, falls
from one eddy to the other at a rate faster than the mean eddy
lifetime and a mean slip velocity is established between the particles
and the fluid. In contrast, a "fluid particle" remains in an eddy until
the eddy decays. This effect decreases the particle Lagrangian
integral timescale, T p’ and is referred as the "crossing trajectory
effect” (Yudine, 1959). The decrease of the particle dispersion
coefficient caused by this effect is approximately inversely related to
the free fall velocity (Csanady, 1963). The coefficient v eff.p 1S also

reduced by a small amount, because the turbulence acquired by the
particle, v'Lp, decreases as the time dependent frequency spectrum of
the fluctuating gas velocities, as seen by the particles, increases.

The effect of "crossing trajectories” has been shown (Wells &
Stock, 1983, Shih & Lumley, 1986, Snyder & Lumley, 1971) to
reduce the dispersion of light particles, for which 1, / L is about 1.
Wells & Stock found that if the mean slip velocity due to an external
potential force field is equal to the r.m.s. fluid velocity, Uslip [/ V=1,

the reduction in particle dispersion coefficient v is of the order of

eff.p
10%. This result is valid forhomogeneous flows and the "crossing
trajectories effect” for heavy particles is not clear so that, for T, / T, <~

1, implying that 7, / T, << 1, as in the near field of the jets to be
described below, it reduces faith in models, which assume that the
particle turbulent Schmidt number is a constant.



Inspection of equations (1.2), (1.3) shows that the particle
concentration does not appear in the expressions for particle
dispersion, and this stems from the assumption that the particle
concentration was sufficiently small, so that there was no influence of
the particles on the carrier fluid, but only influence of the carrier fluid
on the dispersion of the particles. If there is no mean slip between
the two phases but 1, / T, < 1, the modification of the fluid turbulence
is due to the relative motion between the fluctuating velocities of the
particles and the fluid, which constitutes an additional mechanism for
turbulent energy dissipation (Pismen & Nir, 1978), the importance of
which increases with the concentration of the particles. The
existence of this additional mechanism does not necessarily imply that
the overall dissipation will increase but rather that the mechanism for
dissipation has become more efficient so that the length scale of the
eddy at which dissipation takes place will be increased (Lumley,
1978). The increase in the dissipative length scale implies a decrease
in 1, but not in T, and the phenomenon is probably important near a
wall, where it may be responsible for the drag reduction along pipes
and across cyclones carrying two-phase mixtures (Boothroyd, 1967,
Soo et al, 1960) through the thickening of the viscous sublayer
(Lumley, 1978). In free shear flows, particularly at the laboratory
scale, it is unlikely to be significant. In contrast, Owen, 1969 suggests
that there is extra dissipation, which reduces the gas turbulence and
hence the effective viscosity of the suspension is also reduced :

\Y -
LB - (14 ) 0.5 (1.8)
eff.f

where % is the mass loading of particles. This correlation represents
the dissipation ratio and has been used by Melville & Bray (1979b) for
the calculation of particle laden jets with some success. The effect of

increasing concentration is to reduce particle dispersion, at least in
free shear flows as a consequence of the reduction of v'p because of a

possible reduction in v'.

It is noted that, with the exception of Diesel sprays, the volume
fraction of particles in many practical applications is much below 0.3
% and so particle-particle, as opposed to particle-fluid, interactions
are negligible (Batchelor, 1971, quoted by Lumley, 1978). As an



example, the primary stream of a pulverised coal burner conveys
approximately one kilogram of coal per kilogram of air, which
corresponds to a volume fraction of 0.05 %, assuming that the density
of pulverised coal is 2000 Kg m'3.

The preceding estimates provide guidance on the expected
frequency response of particles to turbulence in a variety of flows,
including shear flows. Snyder & Lumley (1971) and Wells & Stock
(1983), for example, have devised experiments in homogeneous
turbulence to measure the velocity characteristics of isolated particles,
which responded to all the turbulent frequencies up to and including
the Kolmogorov timescale. To achieve this end, the scale of the
confining wind tunnel must be so large, however, that it would be
impractical to load these flows with sufficient particles to establish the
effects of particle volume fraction on the interaction between the two
phases in homogeneous turbulence. The effects of volume fraction on
the turbulence of the continuous phase can be investigated only in
smaller-scale flows which means, effectively, boundary free shear flows
but it is difficult to arrange these so that the particles remain
responsive to the Kolmogorov microscale. This is demonstrated in
the following paragraph.

Appendix 3.A shows that the largest value of the ratio of the
Kolmogorov to the large eddy timescale, t,, in a fully turbulent jet is

approximately
:—k = 0.022 (1.9)

and that the downstream variation of the large eddy timescale is

t =o.05(’a‘) () (1.10a)

where x is the downstream distance and U, is the mean velocity at the

exit of the nozzle of diameter d. The final bracket represents the

mean exit timescale of the jet for which the largest practicable value
in a laboratory would be to set d and U, at 0.05 m and 5 m/s

respectively so that



2
t =5x10'4(’a‘) (1.10Db)

e

Since the equations (1.9) and (1.10a) show that 1, increases as

the square of downstream distance, it is advantageous to measure as
far downstream as possible. However, the mean velocity of the jet
becomes smaller with increasing downstream distance, so that the
terminal +~locity of the particles becomes important, draughts in the
laboratory become an increasing source of uncertainty, and the volume
flow rate of the particle-laden air which must be captured increases.

It is inconvenient to measure beyond 30 diameters downstream
where, in the example suggested here, t, is 500 ms and hence by

equation (1.9), t, is 10 ms. Their timescale must be compared with

the inertial timescale of the particles commonly used for laboratory
scale experiments. The smallest particles that are both quasi-

monodisperse and readily commercially available at reasonable cost

are glass beads of approximately 40 um diameter for which T is about

10 ms. Comparison with t, shows that it is difficult to devise an

experiment with monodisperse particles in a shear flow for which the
particles are responsive to all frequencies up to the Kolmogorov scales
over large distances in the flow. The particles do respond, however,
to the frequencies of the turbulent spectrum which relate to the

energy containing motions, characterised by the Lagrangian timescale,
T;. In appendix 3.B, it is shown that T is given by :

T=320x 104 ()2 (3 (g2 (1.11)
(o} m

For the jet flow considered here, T, is about 47 ms at 30 diameters

from the exit of the jet and the largest glass bead diameter which
remains responsive to this timescale is about 80 pm.

It would be nice to compare the conditions in laboratory-scale
experiments with these in an industrial application, such as the
combustion of pulverised fuel burner in a power station, for which d =
0.5 m and U, =~ 30 m/s and hence Re is =~ 108. For the purposes of

this calculation the presence of the swirl-induced recirculation zone,
the change of the kinematic viscosity due to the increase of the
temperature of the gases and the change in the particle time constant
due to devolatisation and heterogeneous combustion are ignored : the



flow from the burner is idealised to be equivalent to an isothermal jet
which would issue from the burner exit. These simplifications give T,

/[t =27x 103 and t, is, at 20 diameters downstream, about 330 ms
so that t, is about 1 ms and the corresponding value of T, is about 35

ms. The farthest downstream station considered here is only 20
diameters downstream of the exit, rather than the value of 30
diameters taken in the laboratory-scale experiments, because this is
about the limit at which the flow from a single burner can be
identified as a jet before the effects of buoyancy, the opposing wall of
the boiler and interference from the flow of the neighbouring burners
become significant. Coal particles with equivalent diameter greater
than about 80 pum will not respond to the turbulence in the flow of this
burner and this represents about one-fifth of the fuel by weight. In
contrast, particles smaller than about 12 pum are completely
responsive to this range of frequencies but these are a small fraction of
the size distribution which is typical of pulverised coal. Therefore, as
for shear flow experiments in the laboratory, a large fraction of the
coal particles are not responsive to the highest frequencies in the
turbulence of the fluid.

ii) Particle dispersion rate in mean shear flows

The previous section was concerned with the dispersion, and
the rate of dispersion, of particles due to the random motion acquired
from the turbulence of the gaseous phase, without taking into account
explicitly the response of the particles to the development of the
mean flow of the gaseous phase. In this section experiments of
particles in flows with mean shear are considered and since, with the
exception of the confined mixing layer investigated by Boerner et al.
(1986), all the configurations concern free jets, the possibility arises
that the decay of the mean axial velocity of the continuous phase is
more rapid than that to which the particles can respond. A mean slip
velocity is generated from the inertia of the particles rather than their
weight and it is, thus, necessary eventually to broaden the discussion
and consider the possibility of the transport of particles as being due
to two separate mechanisms : the mean velocity of the particles and
the turbulent dispersion of the particles.
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The limiting case of particles sufficiently light that there is no
mean slip between the two phases, is considered first. Theoretical
and experimental simplifications can be made, provided that the
particle concentration is a passive scalar, similar to temperature or an
inert tracer gas, and can be regarded as a continuum, and the
turbulent diffusivity of the particles can be measured from the mean
concentration distribution, without the need to measure velocity

characteristics of particles, such as va2
(1.3). It is relatively easy to measure concentration and, consequently,
much of the early work in particulate flows was concerned with the
dispersion of light particles. Turbulent Schmidt numbers have been
reported for a variety of flows (Goldschmidt & Eskinazi, 1966,
Householder & Goldschmidt, 1969, Goldschmidt, Householder,
Ahmadi & Chuang, 1972, Lilly, 1973) and the measurements of Yuu et.
al. (1978), for example, quantify the increase in the turbulent Schmidt
number with particle inertia. The most advanced application of the
limit of light particles is the solution of the modelled equation for the
transport of the correlation between particle velocity and

or 'Tp in equations (1.2) and

concentration ﬂuctuations,Tpc (e.g. Shih & Lumley, 1986), by analogy

to other modelled equations of the second-order correlations, such as
Reynolds stress or turbulent heat flux. The solution can be extended
to inhomogeneous flows with mean, constant slip between the two
phases, due to the weight of the particles with consequent advantage
over, say, the assumption of a constant Schmidt number in that the
large reduction in the turbulent diffusion coefficient for the particle
concentration due to slip can be calculated because of the
phenomenon of crossing trajectories.

In the case of heavy particles, a mean slip velocity between the
two phases is present due to the inertia of the particles rather than
because of their weight. In this case, understanding of the
development of particle concentration comes from measurements of
the mean and r.m.s. velocity characteristics of the particles relative to
those of the gas phase and it is important to have a quantitative
estimate of the diameter of a particle, for which the mean velocity will
be different from that of the gas phase. This is discussed in the
following paragraphs in the context of free jets for which experiments
are classified according to a dimensionless number with
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responsiveness of the particles to turbulent frequencies related to the
same number. It is also made clear that there have been very few
measurements by laser Doppler anemometry, in which the particles
disperse because of turbulent motion.

The timescale of the axial inhomogeneities of the decay of the
mean fluid velocity in a jet can be estimated from an empirical
expression for the centreline decay (Spalding, 1979) :

8] d
_—_m _ “ .
T, = 6.57 () (i.12)

where the displacement of the virtual origin is assumed to be zero and
equation (1.12) leads to the deceleration timescale

_ dUm -1 d X 2

1
Tgec dx ) =(U—0) (3) (§57) (1.13)

and Td can be normalised (Yuu et al, 1978, McComb & Salih, 1978)
ecC

by the particle time constant, defining the mean Stokes number S_,

as

T
Sp=— =5, (557) (§) (1.14)

m
T
p

where S, is the Stokes number based on the mean velocity at the exit

of the nozzle

s L4/

e
B

(1.15)

The bracketed numerator in equation (1.15) is a timescale defined by

the length and velocity scales at the exit of the jet. Mean slip between

the two phases is expected when T, < T, OF, in other words, if S_ <

1, and table 1.1 lists some recent experiments in particle-laden jets
by laser Doppler anemometry in order of decreasing particle response.
The table provides the exit Stokes and Reynolds numbers as well as
the range of axial distance over which measurements are reported;
the latter is important because equation (1.14) shows that S_ depends

on the square of the distance from the jet exit. The formulae are
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optimistic estimators of the value of S_ since the virtual origin has

been taken as zero. The initial concentration of the particles is
expressed as a loading of the particulate phase in the gaseous phase by
weight, rather than as a volume fraction, because the mass loading is
informative of the proportion of the momentum flow rate carried by
the particles to that carried by the gaseous phase. As a rule of thumb,
modifications to the mean momentum flow rate, and hence mean
velocity, of the gaseous phase can be expected only if the momentum
flow rate of the particulate phase at the nozzle is greater than about
one-tenth that of the gaseous phase.

The information of the preceding paragraph allows the

experiments in table 1.1 to be classified into three categories. "Totally
responsive" particles are those for which S_ is everywhere of the

order of unity or larger, "partially responsive" particles have S_ of the
order unity at the farthest downstream measurement station and
"unresponsive" particles, for which S_ is less than unity everywhere.
In the remainder of this subsection the effects of particles on the
development of first the mean and then the turbulence of the jet is
reviewed; to avoid confusion it is emphasised here that the word
"responsive" is in relation to the mean and not to the turbulent motion
of the particles relative to the gaseous phase.

The experiments of McComb & Salih (1977, 1978) and,
nominally at least, of Popper et al (1974) are for "totally responsive"
particles at negligibly small loadings, although it should be noted that
some of the results were obtained in jets which may not have been
fully turbulent, because the jet exit Reynolds numbers were below
10000. McComb & Salih used laser Doppler anemometry to measure
concentration of light particles, rather than velocity, and validated
analysis based on perturbation methods from the behaviour of
infinitesimally small particles. Popper et al provide information of the
mean velocity of the particles and found the existence of self-similarity
of cross stream profiles of axial velocity; they stress that particle size
was not accurately determined and a quoted particle diameter of 50
um which is questionable since the magnitude and sign of the mean

slip between the particles and the clean jet is larger, than the

estimate of the magnitude of S_, would suggest. Since the value of L

depends on the particle diameter squared, a small error in the
diameter propagates as a large change in the Stokes number. Both
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measurement sets confirm, however, that the spread of momentum
and concentration is narrower than for a single-phase jet and that the
mean velocity of the particles is close to that of the single-phase jet.

"Partially” responsive particles have a mean slip velocity
between the two phases, which causes momentum transfer from the
particles to the gaseous phase and this transfer increases with
increasing loading of particles, so that the axial velocity of the gaseous
phase at a given axial location becomes larger than in the
corresponding single-phase jet (Modarress et al, 1984, Shuen et al,
1985, for 79 pm particles). Because the particles are partially
responsive, the rate of decay of the particle mean axial velocity also
reduces, as does the spreading rate of the jet, with increasing loading.
For these particles, the magnitude of the mean slip is constant with
increasing loading. The measurements of Modarress et al (1982,
1984) are detailed and accurate, but th se of particle concentration
are limited and this represents an important omission which shall be
corrected by this work.

For the unresponsive particles (Modarress et al, 1982 for 200
um particles, Shuen et al, 1985 for particles larger than 79 um) the
mean slip velocity is, as expected, larger than for the responsive
particles and the effect of loading on the velocity of the particulate
phase cannot be pronounced. There is, however, transfer of
momentum to the gaseous phase which increases with mass loading
and hence the slip velocity decreases with increasing loading, in
contrast to "partially responsive" particles. Shuen et al (1985)
measured the velocities of their 207 um particles by laser-Doppler
anemometry to be 50% lower than th se measured by double flash
imaging and offered the explanation that the signal-to-noise ratio for
large particles is poor due to the large pedestal component of the
scattered light. An alternative explanation is offered below.

Solomon et al (1985 a, b & ¢) have measured non-evaporating
and evaporating sprays generated by a commercial air atomiser over
hundreds of diameters downstream of the nozzle exit. The velocity
characteristics of the gaseous phase were measured by laser Doppler
anemometry but those of the spray, together with particle size, were
measured by double-flash photography. The droplets at the far field
locations are "partially responsive" according to the preceding

analysis, even though the exit Stokes number is small, because of the
square law dependence of S_ on axial distance. Analysis of the flow in
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this context is made difficult for a number of reasons including that
the velocity characteristics of the droplets are determined by the way
in which the liquid is atomised by the nozzle and, in this atomiser
design, large drops travel fast with mean velocities greater than the
air velocity; in contrast, the smaller droplets travel slower than the
air. Far downstream, as expected, the mean slip is small. Another
difficulty is that the sprays are inevitably polydisperse so that the
interaction between the droplets is due to a superposition of
responsive, partially responsive and unresponsive droplets; in
addition, the droplet size distribution changes with downstream
distance for the evaporating spray. These flows are qualitatively
different from these considered so far in table 1.1, because the
particle loading is much greater than unity and hence the momentum
of the jet in the near nozzle field is due to the liquid and not to the gas
phase. Also, the liquid volume fraction is greater than 0.9 % for the
first 50 diameters so that there must be many collisions between
droplets. The unusually broad air jet, particularly near the atomiser, is
confirmation of the qualitative differences which are expected. The
entrainment of the ambient air is not comparable to an equivalent air
jet and the results will not therefore be considered further.

Shuen et al (1986) have investigated oil droplets with
turbulence in a methane supported flame at small loadings. The
interpretation of the droplet response, in terms of the mean Stokes
number analysis above, is complicated by uncertainty in the particle
time constant, due to the evaporation of the droplets, by the increase
in the kinematic viscosity consequent on combustion, and because
T4ec in the gas phase is modified by combustion. The results suggest
that the particles are unresponsive for the first 20 diameters but the
mean and r.m.s. velocities of each phase are similar after about 120
diameters. The passage of the droplets through the flame sheet at x/d
= 100 must contribute to the reduction of the particle time constant,
because of the corresponding reduction in drop size, but the square
law dependence of the mean Stokes number must also be significant.

Levy & Lockwood (1981) experimented with "unresponsive"
particles, for which S, is substantially smaller than unity over a large
part of the measured flow field and reported results which do not
accord with the trends established in the previous review. For
example, they report the mean velocity of their largest particles
(=1000 um) was smaller than that of their smaller particles at 20
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diameters downstream of the jet exit (= 200 um) and that the
corresponding gas velocity in the presence of the 1000 um was
smaller than the corresponding single phase jet. Their measurements
also show that the 200 um particle velocity at a given axial station
decreases with increasing loading. However, i their experiment as
well as for that of Solomon et al (1985 a, b & c¢) the majority of the
momentum flow rate at the exit of the nozzle lies in the particulate
phase and the near field structure of such jets can be reasonably
expected to be different from those in which the opposite is true.

So far, the response of the mean velocity of the particles to the
inhomogeneities of the mean gas velocity field in the streamwise
direction has been related by means of a mean Stokes number. The
concept can be extended to relate the response of the particles to the
turbulent motion of the particles through a turbulent Stokes number.
This dimensionless group is also dependent on S, as demonstrated in
appendix 3.B, so the turbulent Stokes number of the particle is related
to the mean Stokes number. The ratio between the two in a jet is, a
constant with magnitude

S T V. 9o 1 1
“m dec  _ f y & 29

using equation (B.8) in appendix 3.B and equation (1.14) above. It is
thus easier for a given particle diameter to follow the mean rather
than the turbulent motion in a jet and it would be expected that, of
the experiments with monodisperse solid particles considered in the
previous paragraphs, only in that of Modarress et al, 1984 would it be
reasonable to expect the particles to acquire some turbulence from
the fluid. Note that Popper et al (1974) and McComb & Salih (1977,
1978) do not report turbulence levels.

Modarress et al (1984) found that the presence of both the
unresponsive and partially responsive particles reduce the normalised
gas velocity fluctuations (in common with Solomon et al, 1985 a & b,
near the atomiser) and the normalised Reynolds shear stress, as
compared to the values at the same axial station of the single phase
jet. This does not necessarily imply that the particle-laden jet is less
turbulent than the single phase jet, since the rate of decay of the two
phase jet is slower than that of the single phase jet and comparisons
between normalised values at the same value of x/d serve only to
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confirm the slower rate of decay. From the arguments presented in
the theoretical analysis above, it is not surprising that the presence of
the particles reduces the turbulence intensity in the carrier gas phase.
There is, however, a second mechanism by which increasing particle
concentration could modify only the turbulence in the gaseous phase,
as observed in the experiments of Modarress et al (1982, 1984) which
is related to the increase in the shear strain in the gas maybe due to
the modification of the shape of the cross stream profile of the mean

axial velocity of the gaseous phases. The increase in the shear strain,
dU; / dr, of the fluid will promote the rate of production of turbulence

and the value of v'; may reasonably be expected to increase causing an
increase in v'p also, if the particle is partially responsive. There are,

therefore, two competing processes at work in these flows and the
preceding arguments suggest that it is the suppression of turbulence
due to the increase in the rate of dissipation of gas-phase turbulence
which dominates in the measurements of Modarress et al (1982,
1984).

Surprisingly, all the jet experiments for which the turbulence of
the particles was measured show that the particles have values of
streamwise r.m.s. velocity which are large fractions of the streamwise
r.m.s. velocity of the gas phase, irrespective of the turbulent Stokes
number, although the particle radial r.m.s. values are generally smaller
than those in the gas. This observation is not restricted to free jets,
since similar results have been reported by Boerner et al (1986) in a
confined plane mixing layer, for which the exit Stokes number was
about 0.063 - corresponding!, to unresponsive particles. The
practical importance of this observation is that large values of particle
turbulence are not necessarily accompanied by efficient mixing, as for
example in the vicinity of the recirculation zone of the annular jet of
Hardalupas et al (1986b) where large turbulent velocities did not
result in any dispersion of the particles into the recirculation zone -
an observation which has undesirable implications in the context of
the stabilisation of pulverised coal or liquid fuel flames.

From the review of the literature, two points arise. First, there
is need to measure large (= 200 pm) particles (i.e. S < 1) in view of
the unexplained results of Levy & Lockwood (1981) and in view of the
difficulties, reported by Shuen et al (1985), of using a laser Doppler
anemometer in this size range. Secondly, it is desirable to repeat the
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difficulties, reported by Shuen et al (1985), of using a laser Doppler
anemometer in this size range. Secondly, it is desirable to repeat the
experiments of Modarress et al (1984) for particles which have S,
close to unity at about 30 diameters downstream of the exit so as to
provide particle flux measurements. As demonstrated above, this size
range corresponds to the motion of the larger fraction of particles in a
boiler fired by pulverised coal and an important objective of the
present work in this size range is to investigate the origin of the
unexpectedly large r.m.s. streamwise velocities of the particles.
Finally, the loading of the particulate phase must be as large as
possible both because this condition is relevant to industrial practice
and because of the interest in interaction between the particulate and
the gaseous phase. Finally it is desirable to find out how the particles
behave in a recirculating flow, which is very important for the
combustion of pulverised coal or liquid fuel in the burners of power
plants and for which there are no measurements made by laser
Doppler anemometry.

b) Instrumentation for size - velocity correlation measurements

The two-phase flow equations of the earlier analysis are
presented in the Lagrangian and not the Eulerian system of reference
and approximations have to be made so that measurements made in
the Eulerian frame can be interpreted. It is evident, therefore, that it
is desirable to measure in the Lagrangian framework.

Existing methods, which could perform Lagrangian
measurements are the photographic and the holographic techniques
which interpret simultaneously recorded images of a number of
individual particles and build up a particle size histogram. The images
are produced by short light pulses (from a flash for photography and
from a laser for holography), which "freeze" the particles and allow
direct measurement of their size. Double flash photography or double
holography provides measurement of velocity with two closely spaced
light pulses used to obtain the double images. Although such
technology has been used successfully (e.g. Trolinger et al., 1979),
their resolution at small size ranges is poor, so that tracer particles of
around 2 pum, which follow the gas motion, cannot be distinguished
from larger particles; the influence of the dispersed phase on the
gaseous phase cannot, therefore, be determined. Another drawback is
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the images makes them unattractive for applications in dense two
phase flows.

As a consequence, instrumentation performing time average
measurements over the total sampling time at one point of the flow
has to be used. Sampling probe methods introduce unacceptable
interference and optical techniques provide a non intrusive
alternative.

Optical techniques can be divided into multi-particle analysing
techniques and single particle counters. The former are based on
multiple scattering from or extinction of one laser beam, which passes
through the flow. They provide information averaged over all the sizes
in the flow and the laser diffraction technique is the most common
multiscattering method for particles greater than several pm. It is
based on the detection of the intensity of the diffraction pattern,
scattered in the forward direction from each particle, and
deconvolution schemes have been used for the reconstruction of the
size distribution from the integrated scattering intensity collected in
each of the rings of the photodetector used (Swithenbank et al., 1977,
Hirleman et al., 1984). However, the spatial resolution of the sizing
measurement is not adequate for detailed analysis of a flow field and
there is no velocity information. Single particle counters are based on
the detection of the scattered light from single particles crossing a
small optical sample volume, which is defined at the focussing region
of a light source. The interaction between the particle and the optical
volume generates a signal at a detector, which has to be sufficiently
large in amplitude to be descriminated from the background noise.
The signal is processed to provide size and velocity information for
each particle. There are two kinds of single particle counters,
depending on the way that they get the velocity information.

The non-Doppler techniques use the signal produced from the
interaction of a particle with a single beam or two adjacent laser
beams. The time of flight of the particle through the beam can be
used to estimate the velocity of the particle and the amplitude of the
signal to get the sizing information. The laser Doppler anemometer
can measure the velocity from the beat frequency of the signal
produced from the scattered light from the particle passing through
the crossing point of two laser beams. There are four characteristics
of the Doppler signal, which have been used to measure the size of
particles : the amplitude of the low-pass filtered signal, known as
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pedestal, the amplitude of the high-pass filtered signal, the visibility
and the phase.

The common strategy used for the measurement of the velocity
characteristics of the gaseous flow is to introduce tracer particles,
known as seeding to follow the gas motion, and to use these as
scattering centres to measure the velocity. Provided a reliable means
can be found to distinguish between the velocities of the continuous
and discrete phases it is feasible to measure the effect of increasing
the mass loading of the particulate phase on the velocity
characteristics of the continuous phase. An obvious and simple way
would be to introduce the discrete phase as monodisperse particles
and to discriminate between the latter and seeding on the basis of the
amplitude of the pedestal of the Doppler signal or the amplitude of the
particle signature for the non-Doppler technique. However, there are
three difficulties which may cause "cross-talk" from the velocity
distribution of the large particles to that of the gas phase.

The first is that the distribution of light intensity in a laser
beam is Gaussian, so that a particle at the edge of the measuring
volume will give rise to a signal which has similar amplitude to that of
a seeding particle passing through the centre of the measuring
volume. This is referred as "trajectory ambiguity".

The second difficulty is that there are no solid particles
manufactured, which can be used as the dispersed phase and are
monodisperse on a number density, as opposed to a volume density
basis. As a consequence, the distribution of the mplitudes will be
continuous and not bimodal so that the signal levei at which particles
are accepted as seed is arbitrary and must depend on calibration
experiments which are difficult to perform. Later, it is demonstrated
that even the apparently safe procedure of reducing the sensitivity of
the photomultiplier to detect only the larger particles in the flow can
give errors due to the continuous distribution of particle size and this
is likely to have been the cause of one documented inconsistency
(Shuen et al, 1985). This difficulty also determines the need of a
sizing instrument, rather than a simple velocity measuring system,
even for the velocity characteristics of the solid "monodisperse”
particles when used as the dispersed phase.

The third difficulty is that the intensity of the laser light
incident at the measuring volume is generally not constant, because
the beams pass through a "depth of field" of particles, especially when
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the diameter of the particulate phase is larger than about one-quarter
of the incident beam diameter. Kliafas et al (1986, 1987) proved that
the depth of field introduces both systematic and random attenuation,
as particles that lie outside the probe volume of the laser Doppler
system pass through the beams and the random fluctuation introduces
a further uncertainty in the relationship between pedestal amplitude
and particle size. There is no obvious reason against the extension of
the above conclusions to non-Doppler techniques, although there has
been no investigation of the influence of the "depth of field" on the
non-Doppler sizing instruments.

The reviews, of table 1.2 for the laser non-Doppler techniques
and of table 1.3 for the laser Doppler techniques provide an indication
of progress in overcoming these problems.

A number of methods have been applied to eliminate trajectory
ambiguity and include observation of a selected part of the probe
volume of known and constant intensity, analysis of all the
measurements and later correction with deconvolution schemes and
the use of the ratio of the properties of two or more signals observed
at different collection angles.

For the amplitude based laser Doppler techniques, the
observation of a selected part of the control volume can be achieved by
introducing a pointer beam of different colour to identify the central
part of the measuring volume (e.g. Hess & Espinosa, 1984, Hess,
1984, Hishida et al, 1982) or by using a second pair of beams of
different colour (Modarress & Tan, 1984), a top hat intensity profile
beam (Allano et al, 1984, Hishida et al., 1986), or by coincidence
detectors located at forward and 90° collection angles (e.g. Ungut et
al, 1978, Lightfoot & Negus, 1986). Also the ratio of the amplitudes of
Doppler signals collected from separate detectors at different
locations (Houser, 1980, Hess & Li, 1986) can remove trajectory
ambiguity.

Of the non Doppler techniques, a deconvolution scheme,
described by Holve & Self (1979a & b), can remove trajectory
ambiguity and the application of a second deconvolution scheme can
extract the size-velocity correlation. This approach has been applied
successfully (Holve, 1986) to measure the flyash formation from
pulverised coal. Hirleman (1978) suggested the use of the signals
generated by a particle crossing two adjacent laser beams to measure
two velocity components and the trajectory of each particle. Then
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knowledge of the trajectory of the particle through the Gaussian
intensity distribution removes the ambiguity from the amplitude based
sizing information. The intensity ratio technique is based on the
collection of signals at different scattering angles and the ratio of the
amplitudes of these signals can remove the dependence of the sizing
method on the incident beam intensity (Hirleman & Moon, 1982).

Although the above methods solve some of the difficulties of
measurements in two phase flows, the third ambiguity of the
attenuation of the intensity of the incident beams due to the particles
crossing them outside the control volume, cannot be solved with any
of the above techniques. Holve suggested correction of results by the
average attenuation of the incident beam intensity over the total
sampling time with the help of a photodetector positioned at direct
forward scatter. This suggestion partly solves the problem, because
the attenuation of the beam is a random effect in time, so that the
correction should be applied simultaneously with each measurement.
As a consequence, in the effort to measure the effect of mass loading
of the discrete phase on the gas phase, the error due to the "depth of
field" is increased as the mass loading is increased, and the amplitude
of the pedestal becomes a less reliable mean of discrimination
between the tracer particles and the discrete phase.

Although much effort has been expended in developing means
of sizing particles with LDA, some experiments have been reported,
which ignore the problems outlined in the preceding paragraph (Levy
& Lockwood, 1981, Shuen et al, 1985), generally for particle
diameters larger than 100 um. The results of these experiments are
not obviously incorrect probably because the magnitude of the error in
the velocity of the gaseous phase due to cross-talk from the larger
particles is also a function of the relative flux of particles and seed.
The error will be small if the seeding flux is much higher than that of
the particulate phase. Modarress et al (1982) claim that, for their
range of mass loading of particles, it was acceptable to discriminate
between 200 pum particles and the gas phase on the basis of
photodetector saturation, signal overload and bandpass filtration of the
velocity if the seed flux was about two orders of magnitude larger than
the particle flux (<= 400 Hz). It is not clear on what basis this
assertion was made, although the comment on bandpass filtration
implies that the mean slip between the two phases must have been so
large that some discrimination could be made on the basis of the
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velocity value alone. The condition on the relative fluxes of the two
phases becomes harder to satisfy as the characteristic diameter of the
particulate phase becomes smaller because the particle flux increases
as the cube of the diameter of the particles for a given mass loading of
the particulate phase, although this increase is partly offset by a
decrease in the effective cross - section of the measurement volume of
the LDA with the diameter of the scattering particle. As an example,
Modarress et al (1984), found that the same method could not be used
for 50 um particles and they had to develop a more advanced
approach, based on a pointer volume.

Visibility of the Doppler signal, defined as the ratio of the
amplitude of the signal modulation to the amplitude of the pedestal,
has a Bessel function dependence on particle size and has been
suggested as a means for particle sizing by Farmer (1972), Durst
(1973) and Fristrom et al (1973). This technique has been developed
and applied for measurements in a variety of dilute two phase flow
situations (e.g. Farmer, 1974, 1976 and 1978, Durst & Eliasson, 1974,
Durst, 1978, Hong & Jones, 1976). Limitations of the forward scatter
collection visibility technique to very dilute two phase flows exist due
to the length of the control volume (e.g. around 20 mm, Yeoman et al,
1982) and the requirement of the LDA technique of the presence of
only one particle in the probe volume; this suggested the off axis
collection visibility as used by Bachalo et al (1979), Bachalo (1980) and
Farmer (1980). The problem of the trajectory ambiguity for the
amplitude of the signal exists in a similar way for the visibility of the
signal and a pointer beam technique was used by Yeoman et al (1982)
to remove it. The difficulty in the alignment of two pairs of beams of
different colour to cross at the same point suggested the use of
coincident detectors at forward and 90° to define the central part of
the probe volume instead of the two colours for the measurements in
an industrial furnace (Negus et al, 1986). Off axis collection visibility
reduces trajectory ambiguity, due to the reduction of the size of the
probe volume observed (Bachalo et al, 1979). The measurement of the
gas phase at the presence of the particles with the visibility technique
is impossible because of the "depth of field" problem (Kliafas et al,
1986, 1987), although the influence is smaller than on the amplitude
of the pedestal and the low resolution at the particle sizing range up
to around 15 pm, for which visibility is around unity.
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A combination of the visibility and the amplitude method has
been used to extend sizing range (Yeoman et al, 1982, for on axis
collection, Hess, 1984b for off axis collection) and more recently
Boerner et al (1986), used this approach to measure the gas phase w
the presence of 110 um glass beads. There is currently no agreement
for the lower level of particle size and flux, which result to
unacceptable levels of cross-talk if simple amplitude discrimination is
used, although 110 um beads are likely to be below this level.

Other techniques, which combine the velocity measurement of
a LDA system and a sizing technique from another source include the
white light technique of Durst & Umhauer (1975) and the variable
grid technique of Wang & Tichenor (1981), but problems due to their
dependence on the incident beam intensity remain.

A number of workers (Bachalo & Houser, 1984, Saffman et al,
1984, Bauckhage et al, 1984, Hardalupas, 1986) have independently
developed the phase Doppler instrument originally proposed by Durst
& Zaré (1975) for the sizing of spherical particles. The advantages
include that the sizing information is not amplitude based but is
derived from the spatial frequency of a scattered interference pattern
and, as a consequence, depth of field problems are eliminated
(Hardalupas et al, 1986a). There is no need to arrange two colour
pointer volumes, the optical alignment is easier than for amplitude -
visibility based sizing instruments and the electronics for signal
processing can be constructed to handle high data rates (of the order
of several kHz) in contrast to amplitude processing with transient
recorders (Boerner et al, 1986, Kliafas et al, 1987, Yeoman et al,
1982) which is slow (= 10 Hz). The ability to process high data rates
is convenient and allows the measurement of particle flux. The main
disadvantage of the phase-Doppler technique is its restriction to sizing
spherical particles. If the latter condition is satisfied, the calibration
curve can be established from calculation on the basis of either Mie
theory (Saffman et al, 1986) or by assuming the mode of scattering
(reflection or refraction) and using geometrical optics or without prior
assumption of the type of scattering involved and using geometrical
optics (Hardalupas, 1986, Al-Chalabi et al, 1987).

It should be emphasised that all off-axis collection based
instruments are affected by the shape of the particle, which is not the
case for on axis collection (Jones, 1987) and this is in opposition to
the need for measurements in high mass loaded flows, which is
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possible only for off-axis collection systems. Fortunately, the flows of
interest can be simulated with spherical particles and this allows the
use of the off-axis collection and a phase Doppler anemometer was
developed and used for these purposes.

1.3 The present contribution

The review presented in the previous section has emphasised
two main points :

a) the lack of a non-intrusive instrument which can measure
reliably the size-velocity correlation of the dispersed phase and the
influence of the presence of the particles on the continuous phase in
dense two-phase flows.

b) few measurements in jets have been performed with
particles which responded to the continuous fluid mean and turbulent
motion. Conclusions drawn from these results can be misleading and
the detailed process of two phase jet flows have yet to be determined.

The contributions of this thesis can be stated in relation to
these two points.

The first comprises the development and evaluation of the
phase Doppler technique, which can simultaneously measure size and
velocity locally in two phase flows. The method is investigated
theoretically and verified experimentally. The limitations of the
technique are determined and design criteria for the optics and the
electronics are suggested. Validation schemes, which will eliminate
sizing errors are suggested based on the understanding of the light
scattering phenomena involved.

The second consists of the application of the phase Doppler
instrument to measure the mass flux and the velocity characteristics
in two phase flows corresponding to a turbulent round jet and a
turbulent axisymmetric sudden step expansion.

The turbulent particle-laden round jet was investigated over the
first 29 diameters as a function of mass loading and the size of the
particles. The exit Stokes numbers were 0.1, 0.020 and 0.0032,
corresponding to quasi monodisperse glass beads of characteristic
diameters approximately 40, 80 and 200 pm respectively. The reason
forchoosing these three sizes is explained as follows. The expectation
for the largest diameter is that the particulate phase should be
unresponsive to both mean and turbulent flow in the jet, since the
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mean Stokes numbers are everywhere much smaller than unity. The
experiment is intended to provide insight into the apparently
paradoxical results of Levy & Lockwood (1981) and Shuen et al
(1985), noted above, and explains the unexpectedly large values of the
streamwise r.m.s. particle velocity which have been reported by many
authors. The 80 um beads permit, for reasons explained later, more
reliable measurement of the gas phase in the presence of the beads
than do the 40 um beads. The Stokes number of the 80 um beads
should be such that, again, the mean and turbulent motion of the
beads remain unresponsive to that of the surrounding air but, in
contrast, the mean air velocities should be modified as the mass
loading of the beads increases. For the smallest bead diameter, the
effect of changing the mass loading on the motion of the beads, as well
as on the gas phase flow, is pronounced because the exit Stokes
number is high. The measurements of Modarress et al (1982, 1984)
included neither extensive measurements of bead flux noy the bead
cross-correlation coefficient. The former is as important a quantity as
the velocity characteristics, particularly as a boundary condition at the
exit of the nozzle. The correlation coefficient provides crucial
evidence for the occurrence of a description of the dispersal of the
beads which is denoted as "fan-spreading" and which applies to the
motion of beads when the mean Stokes number is smaller than about
unity.

The behaviour of the same particle sizes for the same mass
loadings as those used for the jet experiment, is examined in a round
sudden step expansion flow. Mass flux and velocity characteristics
have been measured downstream of the step in the recirculation zone
and in the free stream by using the phase Doppler instrument. Two
expansion ratios of 3.3 and 5., defined as the ratio of the downstream
tube diameter to the upstream tube diameter, were examined and the
results quantify the influence of the expansion ratio, particle size and
mass loading on the gas and particle flow properties.

1.4 Outline of the thesis

The remainder of the thesis is presented in four chapters.

Chapter 2 describes the phase Doppler anemometer. The
theoretical analysis is based on geometrical optics and explores
parameters influencing the technique. Experiments which verify the
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theory and examine the performance of the method in practical two-
phase flow conditions are presented. An optical and electronics
design is suggested and an error estimate is attempted. Finally, a
method for the measurement of particle flux and number density is
reported.

Chapter 3 describes the experiments performed in the
axisymmetric turbulent jet loaded with glass beads. Velocity
characteristics and flux measurements are presented for the 40, 80
and 200 pm beads including value of Reynolds stress. The "fan-
spreading” model for the dispersion of the particles is explained and
is verified by the results. The measurements explain previous
paradoxical results and the effect of the discrete phase on the gas flow
characteristics is presented and explained.

Chapter 4 describes the round sudden step expansion
experiment. Velocity and particle flux characteristics are presented.
The way that the particles enter and leave the recirculation zone is
analysed and the modification of the gas phase recirculation zone due
to the presence of the beads is quantified as a function of the mass
loading of the beads.

Chapter 5 presents concluding remarks and uses these to
suggest further work.



TABLE 1.1

Principal characteristics of particle-laden jets measured by laser Doppler anemometry

Authors Configuration Suspension Loading Particle Jet exit Exit
and axial extent and density (kg part./ size time time Stokes no. Reynolds
of measurement of particulate kg air)q constant constant S, No.
(jet diameters) (um) (ms) (ms)
McComb & Round jet TiO, in air small 2.2 - - = 0.69 <15000
Salih (1977) 33 < X/D < 50
McComb & Round jet Tungsten in air small 5.7 - - < 0.18 <11000
Salih (1978) 15 < X/D < 30
Popper et al Round jet oil in air 0.001 < 50 <7.7 3.9 = 0.5 10 600
(1974) 1<X/D<20 (p < 1000kgm™3) * " " 0.8 = 0.1 49 300
Hardalupas Annular jet Glass beadsin < 0.032 40 11.9 1.7¢ 0.14 54 000
et al(1986¢) X/D = 1.25e¢¢ air
(p = 2420 kgm™)
This work Round jet Glass beadsin < 0.80 40 11.9 1.15 0.1 13 000
1 <X/D<29 air < 0.86 80 47.6 1.15 0.020 13 000
(p = 2420 kgm3 < 0.37 200 297.5 1.15 0.0032 13 000

& 2950 kgm™3)

Modarress Round jet Glass beadsin  0.32 50 22.9 1.59 0.069 13 300
et al (1984) 0 < X/D <30 air 0.85 " " " " !
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Authors

Configuration
and axial extent
of measurement

(jet diameters)

Suspension
and density
of particulate

Loading
(kg part./
kg air)q

Jet exit
time
constant
(ms)

Exit
Stokes no.

Reynolds
No.

Modarress et
al (1982)

Shuen et al
1985

Solomon et
al(1985a, b)

Solomon et
al(1985 c¢)

Shuen et al
1986

0<X/D<30

Round jet
1<X/D<50

Commercial air
atomiser
50 < X/D < 600

Commercial air
atomiser
50 < X/D < 500

Methane-fired
flameft
1< X/D <200

Round jet
(p=2990 kgm™3)

Sand in air
(p = 2620kgm™)

Non-evaporating
Vacuumpump oil
(polydisperse
sprays), #

(p = 838 kgm™3)

Evaporating
Freon - 11
(polydisperse
sprays), %

(p =1464 kgm™)

Monodisperse
droplets in a
CH4 flame

(p = 790 kgm™3)

7.71
15.78

small

Particle
size time
constant
(um) (ms)
200 366
50 22.9
79 50
119 113
119 113
207 343
308 2.3
878§ 19.3
318§ 4.3
588§ 15.0
105 48
180 141

"

0.4

0.36

0.43
0.43

0.008
0.028

0.018
0.04

©o
[y

0.0043
0.0027

0.0021
0.00071

19 000
21 700
18 300

30 000
24 000

41 000
36 000

=11700
=11700

8¢



Exit
Stokes no.

0.00055
0.00030
0.00017

Reynolds
No.

Authors Configuration Suspension Loading Particle Jet exit
and axial extent and density (kg part./ size time time
of measurement of particulate kg air)d constant constant
(jet diameters) (pm) (ms) (ms)
Levy & Round jet Sand in air 2.33 215 370 0.7
Lockwood X/D =20 (p =2620 kgm™3) 1.14 215 " "
(1981) 1.22 400 1280 "
2.24 540 2330 "
2.42 725 4200 "
3.5 1060 8990 0.6

0.000067

density of air taken as 1.21 kgm“s; kinematic viscosity as 15.0 x 10°% m?/s

density of methane in non-reacting flow taken as ~ 0.72 kgm™3; kinematic viscosity as 1.4 x 109 m?/s

Sauter mean diameter

based on the bulk velocity and diameter of bluff body (28.6 mm)
D is outer annulus diameter (47.9 mm)

Droplets' size and velocity measured by double-flash photography

67¢



TABLE 1.2

Laser non-Doppler based techniques for simultaneous particle size-velocity measurements

AUTHOR TECHNIQUE - OPTICAL MAIN PRINCIPLE - COMMENTS
CONFIGURATION
Hirleman E.D. Amplitude based technique. By checking the signal signature from both beams,
(1978) Two parallel beam system. two velocity components can be measured and the
A coaxial forward scatter particle trajectory can be defined. Then the particle

detector used for collection. size is defined from the amplitude of the signal.

The beams are normal to the Beam attenuation will affect the size measurement.

main flow direction. In highly turbulent flow there is no main flow
direction and there are problems. Simple signal
processing. Useful in low turbulent, dilute two
phase flows.

Holve D., Intensity of scattered light. A deconvolution scheme is used to remove the

Self S.A. Single beam arrangement, particle trajectory through the probe volume

(1979 a & b) light being collected near ambiguity from the measured intensity distribution
forward direction. and a second deconvolution to get the size-velocity

correlation. Velocity is measured from the time of
flight of the particle through the beam. Software
intensive and limited to relatively low density flows.
It can be applied to non - spherical particles.

0¢



AUTHOR

Wang J.C.F.,
Tichenor D.A.
(1981)

Hirleman E.D.,
Moon H.K.
(1982)

TECHNIQUE - OPTICAL
CONFIGURATION

Visibility of the signal
generated from light
collected through a variable
frequency grid mask
positioned in front of the
detector. Light from a source
is focussed at a point.
Collection at 90°.

Intensity ratio technique.
The scattered light from a
single beam is collected at
different forward scatter
angles. A ring mask is used
in front of the detector.

MAIN PRINCIPLE - COMMENTS

The signal is generated by imaging the particle
onto a variable frequency grid and detecting the
the transmitted light. When the particle size is
equal to one grid spacing, the signal visibility drops
to zero. Velocity can be measured from the transit
time of the particle across the entire grid. Lower
limit of the technique is 10 pm.

The ratio of the scattered light intensities collected

at the two forward scatter angles is a monotonic
function of particle size. The method measures a
particle diameter equivalent to the cross sectional area
of a non-spherical particle when its aspect ratio is
small. The technique is affected by the refractive index
of the particle and errors occur for non-absorbing
particles. The maximum limit is around 20 pm.
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AUTHOR

Wang J.C.F.,
Hencken K.R.
(1986)

Nakatani N.,
Kohri S.,
YamadaT.,
Sakabe T.
(1987)

TECHNIQUE - OPTICAL
CONFIGURATION

Intensity of the scattered
light. Single beam two colour
system. A red beam is
focussed in the centre of a
blue beam. Collection at near
forward direction for sizing
and velocity measurements.
90° sidescatter collection for
identification of the centre
of the probe volume.

Visibility equivalent method
used for the signal from a
laser multifocus system. Five
beams generated from a
diffraction grating,
collimated and expanded to
generate light planes in
equal distance from each
other by a cylindrical lens.
Light collected at forward
scatter with a photodetector.

MAIN PRINCIPLE - COMMENTS

Cross-sectional area of sampling volume as a function
of particle size calculation, which is used to correct
the measured size distribution from the light
scattered intensity at near forward direction. Time
of flight of the particle through the probe volume

is used for velocity measurements. Non-spherical
particles in the size range of 10 - 200 pm can be
identified.

The similarity of the light planes to laser Doppler
interference fringes in the probe volume helps to
identify an equivalent visibility which has a Bessel
function dependence on particle size. It can be

used with non-spherical particles and has advantages
over interferometric techniques.

[



AUTHOR

Nakatani N.,
Kohri S.,
Yamada T.
(1987)

Private
Communication

TECHNIQUE - OPTICAL
CONFIGURATION

Laser multifocus method is
used in a way similar to the
phase Doppler technique.
Two detectors used for
collection are positioned
on the plane of the beams
at symmetrical positions
from the axis.

MAIN PRINCIPLE - COMMENTS

A particle entering a beam gives rise to a signal due
to surface reflection and gives rise to a second signal
as it leaves the beam. Here the first signal is observed
by one detector and the second signal is observed

by the other. The time delay between the five signals
due to the five beams is related to particle size.

The technique can be used with non-spherical
particles but is limited to particles which reflect
light only from their surface. More work is needed.
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TABLE 1.3

Laser Doppler based techniques for simultaneous particle size-velocity measurements

AUTHOR

Farmer M.W,
(1972)

Durst F.
(1973)

Fristrom R.M.,
Jones A.R.,
Schwar M.J.R.,
Weinberg F.J.
(1973)

TECHNIQUE - OPTICAL
CONFIGURATION

Visibility.
On-axis forward direction.

Visibility.
On-axis forward direction.

Visibility.

System with non-uniform
fringe spacing in the
measuring volume.

MAIN PRINCIPLE - COMMENTS

Bessel type variation as a function of particle size.
Calculations of the visibility versus size calibration
curve. The number density of a narrow size
distribution can be measured as a function of the
visibility of the signal in time when the fringe
spacing is larger than the particle size.

Calculations on laser Doppler anemometers.
Dependence of signal quality and signal strength on
particle size.

The visibility of the signal from a particle traversing
through a fringe system falls to zero for a certain
fringe spacing. The relation between size and fringe
spacing, when signal falls to zero is applied to
measure particle size.
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AUTHOR

Farmer M.W.

(1974)

Durst F.,
Zaré M.
(1975)

Durst F.,
Umhauer H.
(1975)

TECHNIQUE - OPTICAL
CONFIGURATION

Visibility, assuming
mainly diffraction
part of scattered light.

Visibility, Amplitude of
pedestal, phase shift.
Different optical
configurations were used to
check the Doppler signal
characteristics as a function
of particle size.

White light technique.

A simple LDA volume is
generated inside a white light
volume. Collection of the
scattered white light at 90°
of the white incident beam.

MAIN PRINCIPLE - COMMENTS

Experimental investigation of the visibility variation
at different collection angles by positioning known
particle sizes at known positions inside the LDA
probe volume. Effect of reflected-refracted scattered
light on visibility.

The existence of a scattered fringe pattern from large
particles in space based on the refraction or reflection
of the incident rays through/on the particle. The phase
Doppler technique idea is for the first time presented
here. The change of the signal characteristics due to
the particle trajectory through the control volume is
not considered.

The amplitude of the white light signal is
proportional to particle size. The LDA is used for
velocity measurement. It is mainly for small particle
sizes ( < 20 um ).
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AUTHOR

Hong N.S.,
Jones A.R.
(1976)

Yule AJ.,
Chigier N.A.,
Atakan S.,
Ungut A.
(1977)

Roberts D.W.,
Brasier C.W.,
Bomar B.W.
(1978)

TECHNIQUE - OPTICAL
CONFIGURATION

Visibility.

Simple LDA used with
collection at small off-axis,
forward scatter angles.

Amplitude of pedestal at
small forward angles.

Visibility.

Simple LDA system with
forward scatter collection
using a 60° mask.

MAIN PRINCIPLE - COMMENTS

By changing the LDA fringe spacing the size range
of the technique can be extended.
Trajectory ambiguity is not considered.

Monotonic calibration curve for sizes between
30 and 240 pm. Oscillations on the calibration
curve for smaller sizes. A method is suggested
to correct the trajectory ambiguity. Depth of
field is not considered.

Correction of the measured size distribution for the
non-linear visibility calibration curve and for the
change of the size of the LDA probe volume with

the particle size. High electronic threshold was used
to eliminate the trajectory ambiguity, but the system
becomes insensitive to small particle sizes. Dense
two phase flows cannot be measured by forward axis
systems.
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AUTHOR

Wigley G.
(1978)

Bachalo W.D.,
Hess C.F.,
Hartwell C.A.
(1979)

TECHNIQUE - OPTICAL
CONFIGURATION

Simple LDA.

Light is collected at forward
scatter and near backscatter.
A droplet larger than the
beam diameter gives rise to
three peak signals in forward
scatter.

Visibility.
Simple LDA system with
off axis collection.

MAIN PRINCIPLE - COMMENTS

The side peaks of the signals are uue to reflection
from the particle surface as the particle enters and
leaves the control volume. The central peak is due
to refraction. The transit time between the two side
peaks combined with the velocity information gives
particle size. Limited to sizes larger than the beam
diameter and moving on the plane of the beams
normal to the LDA fringes.

The high density two phase flows can be measured by
an off-axis collection system, which reduces the size
of the probe volume. The visibility technique has
been checked at off-axis forward scatter collection,
sidescatter and backscatter. The sizing range is very
wide (3 pm to 5 mm).
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AUTHOR

Bachalo W.D.
(1980)

Farmer W.M.
(1980)

Martin W.M.,
Adbelmessih A.H.,
Liska J.J.,

Durst F.

(1981)

TECHNIQUE - OPTICAL
CONFIGURATION

Visibility, based on off-axis
collection of mainly
refracted or reflected
part of the scattered

light.

Off-axis visibility.

Visibility, Amplitude of
pedestal, Amplitude of
filtered Doppler signal from
large bubbles in water.
Forward on axis collection.

MAIN PRINCIPLE - COMMENTS

Theoretical analysis for the visibility off-axis
technique is presented. The advantages are the

wide sizing range and the capability of measurements
in dense sprays. The existence of the scattered
fringe pattern in space is mentioned, and the
dependence of the visibility on particle size is
determined by the phase function.

Calculations of the calibration curves for visibility
at 30° off-axis collection, at 90° sidescatter collection
and near axis backscatter collection.

Bubble velocity and size measurement for a range

of 200 um to 1. mm. The influence of the collection
aperture diameter, the beam crossing angle, and
the position in the control volume are examined.
85% similarity of the pedestal to Gaussian curve
reduces particle trajectory ambiguity.
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AUTHOR

Men A.,

Krimerman Y.,

Adler D.
(1981)

Levy Y.,

Lockwood F.C.

(1981)

Yeoman M.L.,

Azzopardi B.J.,

White H.J.,
Bates C.J.,
Roberts P.dJ.
(1982)

TECHNIQUE - OPTICAL
CONFIGURATION

Simple LDA with a measuring
volume of almost constant
intensity and crossed with
two dark bands.

Amplitude of the pedestal of
the Doppler burst. On axis
forward scatter collection.

Visibility- up to 60-70 pm,
amplitude of pedestal for
larger particles. Two colour,
four beams system. A larger
green volume encloses a blue
smaller volume. Beam cross
angle less than 1°.

MAIN PRINCIPLE - COMMENTS

The velocity vector can be measured (trajectory,
direction without frequency shift and Doppler
frequency). Sizing information comes from the
amplitude of the pedestal scattered from a top-hat
control volume. Simple electronics needed.

Experiments with sand. The principle, that sand
with size larger than the beam diameter is giving
rise to Doppler signals with two side peaks at the
pedestal, has been used for discrimination between
gas phase and sand. The amplitude of the pedestal
gives the size of the sand.

Frequency from both volumes is measured. Small
volume to check the central trajectories. Visibility

of the larger volume signal is giving size information.
Non-spherical particles can be measured but at very
low particle number densities, due to forward scatter
collection.
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AUTHOR

Mizutani Y.,
Kodama H.,
Miyasaka K.
(1982)

Hishida K.,
Maeda M.,
Imaru J.,
Hironaga K.,
Kano H.
(1982)

TECHNIQUE - OPTICAL
CONFIGURATION

Amplitude of pedestal.
Simple LDA, collection at
forward scatter and 90°.

Amplitude of the pedestal
based technique. Three
beam system with a larger
diameter beam and two
smaller diameter beams
crossing at the centre of
the large beam. The larger
and the smaller diameter
are linearly polarised with
orthogonal polarisation.

MAIN PRINCIPLE - COMMENTS

The 90° detector limits the size of the probe volume
and reduces the particle trajectory problem. The peak
intensity of the pedestal at 90° is used for sizing and
forward scatter signal for the velocity measurement.
A method for the correction of the results after the
measurement is suggested.

The particle trajectory through the probe volume is
known through the signals of the three beam system,
so this ambiguity is removed from the peak amplitude
of the large beam pedestal which is correlated to
particle size. The velocity is measured from the
frequency of the small beams Doppler burst.
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AUTHOR

Modarress D.,
Tan H.
(1983)

Hess C.F.
(1984)

TECHNIQUE - OPTICAL
CONFIGURATION

Amplitude of pedestal of the
Doppler burst based method
for discrimination between
seeding and monodisperse
particles. A two component
LDA is used but with two
different sizes measuring
volumes, one lying in the
center of the other.

Simple LDA arrangement.
Makes use of the correlation
between visibility and peak
intensity of the pedestal.
Large off-axis collection
angle (30°).

MAIN PRINCIPLE - COMMENTS

By monitoring the pedestal of the signal of the larger
probe volume the trajectory ambiguity in the small
probe volume could be reduced. The amplitude of the
pedestal then was used to discriminate between seed
and 50 um glass beads. The most reliable method
presented here for discrimination.

For each size a minimum intensity limit is chosen
which rejects signals due to particle trajectories
through the edge of the control volume and the
combined visibility information can measure the
size. Calibration is needed before each measurement
to establish the peak intensity of a certain size. The
depth of field problem in dense flows will affect

the technique.
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AUTHOR

Hess C.F.,

Espinosa V.E.

(1984)

Hess C.F.
(1984)

TECHNIQUE - OPTICAL
CONFIGURATION

Two colour or two
polarisation - three beam
system. Amplitude of
pedestal based technique.
Forward scatter collection.

Single colour-two different
diameter beams crossing.
Amplitude of the pedestal
based technique.

MAIN PRINCIPLE - COMMENTS

Two small diameter and same colour beams are
crossed in the centre of a larger beam diameter of
another colour. The frequency of the Doppler signal
from the small beams measures the velocity and the
peak intensity of the pedestal from the large beam
diameter gives the size of the particle. Simultaneous
existence of both signals removes the particle
trajectory through the control volume ambiguity.
Calibration is needed for the amplitude of a certain

size before each measurement. Depth of field problem.

The crossing of the two different diameter but same
colour beams will limit the chances of erroneous size

measurements due to the particle trajectory ambiguity.

The frequency of the Doppler signal measures the
velocity and the peak intensity of the pedestal gives
the size of the particle. Increased noise from the light
scattered from the large beam only. Depth of field
problem.

(4%



AUTHOR

Allano D.,
Gouesbet G.,
Gréhan G.,
Lisiecki D.
(1984)

Bachalo W.D.,
Houser M.dJ.
(1984)

Saffman M.,
Buchhave P.,
Tanger H.
(1984)

TECHNIQUE - OPTICAL
CONFIGURATION

Amplitude of pedestal.
Simple LDA with a top-
hat intensity probe volume.
Collection at 90° to the
incident axis and direction
of incident eleciric field.

Phase-Doppler.

Simple LDA with forward
off-axis collection (30°).
Three photodetectors are
used located in an integrated
optical unit.

Phase Doppler.

Simple LDA with large off-
axis collection angles (~70°).
Three photodetectors are
positioned separately at
different collection angles.

MAIN PRINCIPLE - COMMENTS

The top-hat intensity distribution removes the
particle trajectory ambiguity. Sizing based on a linear
relation between logarithm of peak amplitude and
logarithm of particle diameter. Limited to spherical
particles. Depth of field problem.

An instrument applying the technique is described.
The three photodetectors guarantee no measurement
error. The instrument is refraction based,
independent of the incident beam intensity, has wide
size range, simple electronics but has the restriction
that can only applied to spherical particles.

The instrument uses surface reflection from the
particles and is based on transient recorder
processing which make it slow. Problem to observe
the same part of the probe volume from the three
separately mounted detectors.

198%



AUTHOR

Bauckhage K.,
Floegel H.H.
(1984)

Maeda M.,
Hishida K.,
Sekine M.,
Watanabe N.
(1986)

TECHNIQUE - OPTICAL
CONFIGURATION

Phase Doppler.

Collection at large off-axis
angles (~70°) with two
photodetectors.

Amplitude of pedestal. Two
colour-four beams LDA. The
larger control volume is
created by top-hat beams.
Sidescatter collection.

MAIN PRINCIPLE - COMMENTS

The collection with separately mounted detectors
makes difficult the observation of the same part of
the probe volume. The use of two photodetectors
can result in sizing errors.

Two velocity component system. Intensity used for
sizing. Top-hat intensity control volume gives better
resolution at large sizes and reduces the particle path
ambiguity. Sidescatter collection limits the system to
spherical particles but allows measurement to dense
flows. Attenuation of beams affects sizing.

A%
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CHAPTER 2

DEVELOPMENT OF THE PHASE-DOPPLER TECHNIQUE

2.1 Introduction

The use of optical techniques to measure the rate at which
particles disperse in turbulent flows, the velocity characteristics of
each phase, size distributions, the particulate flux and the number
density is becoming more widespread. The potential advantages over
intrusive probes are evident and laser-based instruments can provide
measurements which would be too time-consuming to attempt by
analyses of photographs. The measurement of size and velocity at a
point can be derived from a variety of techniques, analysed in detail in
chapter 1, including single-beam instruments and laser-Doppler
anemometers, using the visibility of the signal, the amplitude of the
pedestal component or the phase difference between separate
detectors signals. The latter method, the so called "phase-Doppler
technique" suggested by Durst & Zaré (1975) and implemented by
Bachalo & Houser (1984), Buchhave et al (1984), Bauckhage et al
(1984) and Hardalupas et al (1986), has the unique advantage that the
size information is independent of the amplitude of the signal and this
suggests immunity to optical misalignment and random attenuations
generated by the depth of field of the particulate flow.

Section 2.2 describes the phase-Doppler technique. The
technique has not been evaluated in the past in terms of the details of
experimental arrangement and the present contribution identifies and
quantifies the importance of the main parameters (e.g. collection
angle, beam intersection angle, particle refractive index) on the
performance of the method. A theoretical description of the scattered
light, upon which the method is based, is developed in section 2.3, to
provide a basis for the choice of the optical arrangement. The
influence of different parameters (e.g. movement of the particle in the
control volume, interference of different components of the scattered
light) on the technique are examined in section 2.4 by using this
theory and validation procedures are suggested to reduce sizing
errors. The theoretical analysis is verified experimentally in section
2.5 and practical problems arising from the application of the
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technique are considered experimentally. The optical and the
electronic design of the instrument is considered in section 2.6 and
the main sources of error are analysed and quantified. The
measurement of particle flux and particle number density is discussed
separately in section 2.7 and is generally applicable to any laser
Doppler based sizing technique. The chapter closes with concluding
remarks and a summary of the main characteristics of the method.

2.2 The phase-Doppler anemometry technique.

The phase-Doppler technique is an extension of the laser
Doppler anemometer to permit measurement of the size of spherical
particles. The physical basis is the existence of a phase difference
between Doppler signals observed from two different positions in
space. The idea was put forward by Durst & Zaré (1975), who
recognised the existence of a spatial fringe pattern scattered by a
sphere located in the probe volume of an anemometer. The
movement of the sphere causes a corresponding movement of this
fringe pattern in front of a photodetector and its output is a
conventional LDA signal. Signals from two photodetectors separated
in space have the same Doppler frequency with a phase shift existing
between them, because of the spatial frequency of the scattered fringe
pattern. The phase shift in degrees is given by :

T
phase = —p—?aﬁ 360° (2.1)
D

where 1 is the Doppler period common to the two signals, and Tohase

is the time between corresponding zero crossings of the two signals
(figure 2.1).

Durst and Zaré (1975) based their analysis on the so called
"fringe model" of the laser Doppler anemometer in which a
transparent spherical particle acts as a lens and magnifies the fringes
in the LDA probe volume. A simple calculation gives the spacing of the
projected fringe pattern through a transparent sphere at the position
of the collection lens at an angle of 0° in the forward direction or from
a reflecting sphere at 180° in the backscatter direction. Although this
model explains the principle of the technique, it is not sufficient to
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examine the interference of the light scattered from both beams of the
laser Doppler anemometer and the physics involved and this is
important in order to avoid sizing errors. Also the limitation of their
analysis to direct forward or backward scattering does not allow the
investigation at off-axis locations which is required for the
measurement in dense two phase flows, as explained in chapter 1.
This justifies a detailed analysis of the technique based on the light
scattering theory of particles to evaluate the practical application of
the method.

2.3 Theoretical foundation

The target is to find out more about the physics of the
technique by using an expression of the phase of the interference
pattern of the light scattered from both beams of the laser Doppler
when a sphere is present in the probe volume. However, the analysis
startswith the theory of the light scattered from a sphere located in a
single beam and will be extended later for both beams. The theory
gives information about the amplitude and the phase of the scattered
light in space, which is used to establish the relation between particle
size and frequency of the spatial interference fringe pattern.

a) Light scattered by a sphere located in a single beam.

Generally, the electric field of the scattered light wave is
described by :

E(x.m,0,8 = E, Skxm,0) or explilwt-kr)) (2.2)

where E, is the incident beam's electric field amplitude, k = 2rn/A is
the wave number, o is the angular frequency of light, r is the spatial
coordinate along the beam and S(x,m,0) is the amplitude function
which characterises the amplitude and the phase of the light, where x
is a dimensionless particle size parameter, m is the refractive index of
the sphere relative to the surrounding fluid and 6 is the angle of the
scattering direction. The dimensionless intensity of the scattered
light is then :
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i(x,m,8) = IS(x,m,0)!2 (2.3)

The main concern in the above equations is the calculation of S(x,m,8)
and two approaches have been used; "Mie theory" and "geometrical
optics".

Electromagnetic theory describes the propagation of
electromagnetic waves through Maxwell's equations and have been
solved by Lorentz and Mie independently, for the case of a
homogeneous sphere of arbitrary size and refractive index illuminated
by a uniform field of light. The commonly called "Mie theory", which is
a solution in terms of an infinite series with the dimensionless particle
size Mie parameter x = ndp/ A as argument, where dp is the sphere
diameter and A the wavelength of light, has been used for calculations
related to optical techniques of particle sizing (e.g. Hong & Jones,
1976, Grehan et al, 1981, Pendleton, 1982, Negus & Drain, 1982).
Related calculations of the series must be obtained numerically and are
expensive of computer time, especially as the particle diameter
increases. The restriction to uniform illumination of the sphere is
undesirable for reasons discussed later.

For spheres larger than the wavelength of light and with a
refractive index different from the surroundings geometrical optics
provide a good approximation to the Mie theory for values of the Mie
parameter x greater than 10; for the wavelengths of laser light used,
this implies sphere diameters larger than approximately 3 pm.
Geometrical optics is a more attractive option than Mie theory because

ilis cheap in computer time and can separate the scattered light in its
components and provide physical insight in the contribution of each
part. The geometrical optics approximation (Van de Hulst, 1981)
suggests that the scattered light can be separated into diffraction,
refraction, surface reflection and a series of internal reflections. With
his notation, the scattered light can be described by two "amplitude"
functions, S,(x,m,8) for the amplitude and phase of light with
polarisation perpendicular to the scattering plane and S,(x,m,8) for

light with polarisation parallel to the scattering plane. Both are
perpendicular to the scattering direction, 6, as shown on figure 2.2.
Refraction and surface and internal reflections are described in terms
of ray optics and the Fresnel reflection coefficients, as follows.
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The general form of the amplitude function with polarisation
perpendicular to the scattering plane, S,(x,m,6), is :

S,x.m,0) =x le, | D2 exp (ic,) (2.4)

and the same formulation is valid for the amplitude function with
parallel polarisation to the scattering plane, S,(x,m,6), but the relevant
equations are presented here only for S,(x,m,6) and can easily be
extended for S,(x,m,8).

The terms of equation (2.4) for the refracted and reflected rays
are explained and quantified in the following section. The term lg, |
determines the part of the incident light contained in the ray which
emerges from different interfaces which are determined by the
integer p, which is p=0 for the surface reflection, p=1 for the

refracted ray, p=2 for the ray emerging after the first internal
reflection and so on. The value of ¢, is determined by the Fresnel

coefficients :
g, =T, forp=0
g,=00-r,2)(r Plforp=1,23, .. (2.5)

where the Fresnel reflection coefficients for both polarisations of light
are :

sint - m sint'
sint + m sint'

(2.6)
m sint - sint'
m sint + sint'

1'2—

and 7, v are the angles between the surface tangent and the incident
and refracted ray correspondingly, shown on figure 2.3. Snell's law
relates these angles by :

cos T=mcos T (2.7)

where m is the refractive index of the medium.
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The term D of equation (2.4) is sometimes called divergence or
gain and accounts for the influence of the particle shape on the
angular dispersion of the scattered light and is given by :

sint cost
D= - (2.8)
sinf Ii |
dt

where 6’ is the angle between the incident ray and the ray emerging
from the p interface given by :

8' =21 - 2pt (2.9)

(2.10)

and p is again the integer which determines the interface from where

the ray emerges.
The term explic,) of equation (2.4) is the phase term of the

scattered light and o, is given by :

gl=-72t—+(phase ofel)+6+%(p-2k+%s‘%q) (2.11)

where the individual terms are :

- & : phase due to optical path length difference to the
reference path, which is passing through the centre of the sphere

(figure 2.3)
d = 2x ( sint - p m sint') (2.12)

- phase shifts due to focal lines :

k : integer and q = +1 or -1 defined from :

6=k 2n + g0 (2.13)
so that the scattering angle 6 is in the interval (O,x)

and

s = +1 or -1 equal to the sign of—d;—
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It should be noted that geometrical optics approximation
cannot be applied for the Brewster's angle and for the rainbow angles.
Brewster's angle is defined as the incident angle, t, for which surface
reflection occurs only with perpendicular polarisation to the
scattering plane and is estimated by :

tant = (2.14)

The rainbow angles for each internal reflection are defined by the
incident angle, t, for which the considered internal reflection

contribution to the scattered light ceases and this occurs when the
angle 0' of equation (2.9) takes its maximum value :

sinzr = m2—1
-_— p2- 1

(2.15)

Since both angles are dependent on the refractive index of the sphere,
limitations on the application of the geometrical optics approximation
change with refractive index.

The above equations determine the amplitude functions for the
refracted and reflected part of scattered light and not for the
diffracted part. The contribution of diffraction to the scattered light
to both polarisations is given by :

Jl(xsine)

=x2 ——— 2.16
Sae® ="~ 210

where J 1( . ) is the first order Bessel function.

The total amplitude functions then are the sum of the partial
amplitude functions for the different contributions to the scattered
light :

S(x,m,0) = Sdiff(x,e) + Srefr.(x,m,e) + Ssurf. 1reﬂ'(x,m,e) +
Slst int. reﬂ.(X,m,e) + ... (2.17)

Equation (2.17) is quite complicated but it can be simplified
when applied in certain regions of scattering angles, 6. The

combination of paths that light can follow to reach a given scattering
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angle can be seen on the diagram of figure 2.4a, taken from Van de
Hulst (1981) which shows the surface reflection, refraction and first
and second internal reflection distribution over the scattering angle
interval 0° < 6 < 180° and is valid for a water droplet (m = 1.33). So
the space around a scattering transparent sphere can be divided into
seven areas, as shown on figure 2.4b, as a function of the mean scatter
angle 6 measured from the axis of the beam, where contributions to
the total scattered light from certain paths are much larger relative to
the rest (Van de Hulst, 1981, Glantschnig & Chen, 1982) and equation
(2.17) can be simplified when applied there by approximating the total
scattered light by considering only the main contributions. So the
total scattered light in each zone is mainly due to the following :

- Zonel :0°< 6 < =25° Diffraction, refraction and surface
reflection are the main contributions to the scattered light.
Diffraction dominates the pattern for small angles.

- Zone Il : =25° < 8 < =80°. Diffraction, refraction and surface
reflection are again the main contributions but refraction is the
dominant term in equation (2.17) while diffraction becomes negligibly
small as the scattering angle increases.

- Zone IIl : =80° < 6 < =110°. Surface reflection dominates the
scattered light, while refraction does not exist.

- Zone IV : =110° < 6 < =130°. The main contributions are due to
surface reflection and second internal reflection but surface reflection
dominates again.

- ZoneV : =130° < 6 < =140°. The region between the first and
second rainbow angle, where again surface reflection is the main
contribution.

- Zone VI : =140° < 8 < =170°. First internal reflection and surface
reflection are considered and first internal reflection dominates the
pattern.

- Zone VII: =170° < 8 < 180°. Edge rays (several internal reflections)
and diffraction.

Glantschnig & Chen (1982) obtained the analytical expressions
for the amplitude functions of the light scattered by a sphere present
in a single beam in the forward direction using only diffraction,
refraction and surface reflection as a function of the scattering angle 6
and found good agreement with Mie theory. These expressions can be
found in appendix 2.A.
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The followings can be observed from the above mentioned
expressions. The angular variation of the scattered light depends on
particle size only through the phase term (equ. (2.11) and (2.12)).
The scattered intensity is related to the particle diameter squared, as
concluded from equations (2.3) and (2.4). The refractive index, m,
affects both the phase and the amplitude term of the refracted light.
However the phase term (equation (2.11)) of the surface reflection
contribution is independent of refractive index.

b) Light scattered by a sphere located at the crossing section of a
laser Doppler anemometer.

The theory will now be extended to describe mathematically
the intensity variation in space of the light scattered by a sphere
present in the crossing area of two laser beams, as used in a
conventional laser Doppler anemometer. The scattering angle 6,
defined here relative to the bisector of the intersection angle of the
beams, the beam intersection angle ¢, the refractive index of the
sphere m and the particle size parameter x influence the scattered
interference pattern in space and its phase is of particular interest,
because according to the phase-Doppler technique the phase
difference between two locations in space is linearly related to particle
size. The geometry used for the analysis of light scattered by a particle
with two incident beams is shown on figure 2.5. The expressions are
obtained for the case of incident beams linearly polarised normal to
the plane of the beams. The relationships between the angles
characterising the geometry are given in appendix 2.B. The scattered
wave perpendicular to the scattering plane along the direction OP
(figure 2.5) has an electric field given by :

E..(x,m,0,t)=E

i (x,m,0) cosy, 1;—11. exp(i(cojt-kr)) (2.18)

S

0i ™1ij

where subscript i = 1, 2 denotes polarisation of the scattered light,

subscript j = 1, 2 represents one of the two beams of the laser Doppler
system, EOij is the electric field component of the incident beam, % 1s

an angle defined in figure 2.5 and Sij(x,m,e) is the amplitude function

of the scattered light. Again, as for the single beam, the main concern
in equation (2.18) is to estimate the amplitude function. Thus for the
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interaction of the scattered light from two beams there are four
components of the scattered wave at each point P in space defined
from the two states of polarisation of the scattered light for each
beam, as shown in figure 2.5c. Each of these four components is given
by equation (2.17) and is a summation of combinations of light
scattered by following different paths through the sphere. The
electric field of the scattered wave is now resolved into a plane
containing the scattering direction and perpendicular to the plane of
the beams and into a plane parallel to the plane of the beams. If the
particle is in motion with a velocity V normal to the bisector of the
two beams (which cross with a half angle of ¢/2), then the angular
frequency o of each beam as perceived by the particle is different and
it can be shown that the movement can be simulated by adding a
frequency of +n into one beam and -n into the other beam where

27V
A

n=( ) sin(—g-) (2.19)

The total scattered wave from a particle moving with velocity V
through the probe volume of a laser Doppler system, at a point in
space is given by :

-i
Ep=Ey (C, €™+ C, e™™) = explilwt-kr)) (2.20)

where C; and C, for direction Y, perpendicular to the plane of the

beams :

C, =S, cosy, sin¢, + S, siny, cos¢,

(2.21a)
C, =S, cosy, sing, + S,, siny, cosd,

and for direction X, parallel to the plane of the beams (figure 2.5c) are
C, =5, cosy, cosp, + S,, siny,; sin¢,

(2.21Db)
C, =S, cosy, cosd, + Sy, siny, sing,
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The intensity of the total scattered light at this position in space is :

I, = Ep E;* (2.22)

(where * denotes the conjugate function), which becomes :

I ,
I = k_ZQ? (C,e'™ + C et ) (C e!mt + C eint )
IO
and with A=1733(C, C*+Cy Cy¥) (2.23)
I0
and K+T = 2.3 5 C* Cye?™ (2.24)

So equation (2.21) may be written :

IL.=A+N cos(2nt - o) (2.25)

where N = K2 + T2 , 0= tan'I%) (2.26)

There were no simplifications involved in the derivation so far
and equation (2.25) which is generally valid describes the temporal
and spatial variation of the intensity of light scattered by a sphere
moving through the crossing area of two laser beams, which is
observed by a photodetector. The second term of the right hand side
of the equation is that measured by a Doppler signal processor. The
Doppler frequency wp is equal to 2n/2n and is independent of the

spatial location of the photodetector and of the particle size, but the
phase ¢ is a function of both the location of the detector and the
particle size. Figure 2.6 explains the meaning of the terms A and N of
equation (2.25) and A is the amplitude of the pedestal and the ratio
N/A is the visibility of the Doppler signal. The calibration curve of the
phase-Doppler technique can be established by estimating the phase of
the Doppler signals at two positions in space using equation (2.25) and
then subtracting them to evaluate the phase difference as a function of
particle diameter.
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The scattered light in the forward direction using geometrical
optics approximation will be examined in an effort to get physical
insight in the information that equation (2.25) is giving about the
technique. Zone II as defined in the previous chapter, 25° < 8 < 80°
where scattering angle 6 here is measured relative to the bisector of
the beams, is chosen to check the information of equation (2.25). For
this zone, it can be assumed that diffraction is negligible and that
refraction and surface reflection are the main contributions to the
scattered light, which may interfere in six possible ways : refraction
from different beams, reflection from different beams, refraction-
reflection from different beams (two terms) and refraction-reflection
from the same beam (two terms). The terms C; and C, in equation

(2.21) contain two terms each, which are due to surface reflection and
refraction from each beam. Then the cross term C,* C, of equation
(2.24), which is the only time variable term and describes the
interference fringe pattern, is the result of the four time variable
terms : refraction from different beams, surface reflection from
different beams, refraction-surface reflection from different beams
(two terms). The other two remaining terms resulting from the
interference due to refraction-surface reflection from the same beam
are the result of C, C;* and C, C,* in equation (2.23) and as was found
are time independent terms and do not contribute to the Doppler
signal, but give rise only to a pattern, which is not changing with time
and they are referred to as resonances on the scattering intensity
distribution. However, the phase ¢ in equation (2.25) is defined by the
cross term C,* C, only so is a result of the interference of the four
time variable terms and is that observed by a single photodetector.
The intensity of the four time variable terms examined each separately
are as follows :

- interference due to surface reflection from each beam (11) :

100 (x,m,0,) = 1E,M12 + 1E,D12 + 21E, V11E,M1 cos(apt - s11))

- interference due to refraction from each beam (22) :

122) (xm,0,t) = 1E,12 + 1E,®12 + 21E,P11E,?| cos(opt - 6?2
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- interference due to refraction-surface reflection from different
beams (12) or (21) :

1(12) (x,m,0,t) = IElml2 + IEz(z)l2 + 2|E1(1)I IE2(2)I cos(cth - o(12) )
12 x,m,6.t) = 1E,@12 + 1E,V12 + 21E, @1 1E, I coslept - 6?V)

where 1 is the intensity of the scattered light where superscript (ij)
denotes the considered scattered light contributions to the
interference pattern and i, j = 1 or 2 denoting surface reflection or
refraction correspondingly while i corresponds to contributions from
beam 1 and j from beam 2 (figure 2.5), Ek(l) is the electric field with
subscript k = 1 or 2 denoting one of the two beams and superscript (1)
= (1) or (2) denoting contribution from surface reflection or refraction
correspondingly and oW is the phase of the light scattered
interference pattern from the (ij) contributions at one point in space.
The phase term can be expressed by using equations (2.11), (2.12)
and (2.13) for each beam as follows :
o1 = 2x ((sint, - sint,)
o(22) = 2% ((sin'c1 - sin1:2) -m (sinrl' - sin‘cz'))

(2.27)
{12} = 2x ((sint,- sint,) - m (- sint,"))

o2l = ox ((sin*c1 - simz) -m (sim:l'))

Each of the terms in equation (2.27) is the path length
difference between the light scattered by a sphere located in each
beam through the considered paths at one point in space and each one
is linearly related to the size parameter x and hence also to particle
diameter. However, the resulting phase of the interference of all four
terms is no longer linearly related to particle diameter and can be
determined only by numerical calculation. It is desirable then to
collect light at positions where the scattered light is dominated by one
path (e.g. either surface reflection or refraction) so that the chances of
the existence of monotonic relation between phase and particle
diameter are higher. However, there are reasons (e.g. the Gaussian
intensity distribution of the incident beam), examined later in the
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chapter, which make the investigation of the interference of all the
terms necessary even where one path of the scattered light is
dominant. This is the reason why the relationships of the phase
difference between two Doppler signals observed from two
photodetectors and particle diameter given by Saffman et al (1984)
and Bauckhage et al (1984) considering only the interference from
either surface reflection or refraction from both beams are not enough
to examine the performance of the method and eliminate sizing errors
that might occur. Also the application of these relationships is limited
to optical configurations where the photodetectors are located at
symmetrical positions around the scattering plane which contains the
bisector of the intersection angle of the beams and is normal to the
plane of the beams and this limitation is corrected by the above
analysis.

2.4 Parametric evaluation of the phase-Doppler method

This section examines theoretically the influence of different
parameters on the phase-Doppler method. Scattering angle regions
are identified where a monotonic relationship of phase difference
between two Doppler signals and particle size can be established,
which coincides with that of the dominant part of the scattered light
there. Then the influence of parameters, such as the collection angle,
the beam intersection angle, the finite size of the collection aperture,
the Gaussian intensity distribution of the incident beams, the particle
refractive index, the angular spacing between the photodectors, the
polarisation of the incident beams and the flow turbidity on this
relationship is examined and sizing errors which may occur are
identified. For these purposes a computer program was developed to

solve equations (2.25) and (2.26) and calculate the total intensity
pattern L. and the phase shift ¢ at different positions in space and can

provide information on the total as well as the separate components of
scattered light interference patterns.

a) Collection angle.

In section 2.3(a) the space around a scattering transparent
sphere from a single beam was divided in seven areas, as shown on
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figure 2.4b, as a function of the mean scattering angle 6. The same
classification can be applied to a two beam laser Doppler anemometer
system with the scattering angle 6 measured from the plane of
symmetry of the anemometer (figure 2.4b), when the intersection
angle of the beams is small (e.g. = 10°). In the following section each
zone will be examined and the calibration curve of the phase-Doppler
method will be established where this can be done. The calculations
assume that the beam diameter is much larger than the particle
diameter, so that the Gaussian intensity distribution of the incident
laser beams is not considered. The influence of this assumption on
the results will be discussed later. The results presented here are for
a beam intersection angle of 10° and for a laser light wavelength, A,

0.6328 um, which is needed to estimate from the dimensionless size
parameter x (= ndp/ A) the particle diameter dp. The results are

generally presented at a single point in space. However, the
photodetectors observe light through a finite size aperture and results
are presented after integration on a rectangular collection aperture
located around a point. The shape of the used aperture is explained
later in this section and its size is important for the sizing of particles
smaller than around 10 ym.

Forward scatter direction (Zone I ( 0° < 6 < =25° and II ( =25° < 6 <
=80°7))

In this zone diffraction, refraction and surface reflection mainly
exist and it will be shown that diffraction dominates the scattered
light in zone I, while refraction dominates in zone II. Figure 2.7 shows
the intensity variation of the light scattered by a glass bead (m = 1.5)
of 40 um diameter in planes parallel to that containing the incident
beams and at elevation angles of 0° and 30°. The continuous lines on
figures 2.7a and c¢ show the spatial intensity variation for the total
(diffraction, surface reflection and refraction) pattern and the dashed
lines show the refraction intensity variation in planes defined by
elevation angles of 0° and 30° respectively. Figures 2.7b and d show
the intensity variation due to interference between surface reflection
and refraction. Comparison between the total and the refraction-
surface reflection pattern shows that diffracted light is a large
component of the scattered light up to a scattering angle 6 = 20° and
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that there is no influence due to diffraction at the elevation angle 30°.
The comparison between the refraction and the refraction-surface
reflection interference pattern shows that the influence of surface
reflection is small for the 30° elevation angle, close to the symmetry
plane of the anemometer (0° rotation angle) and increases with the
scattering angle. So diffraction dominates at small collection angles
(<=25°) and surface reflection dominates at large angles (close to
~80°). At intermediate angles, refraction is the main part of the
scattered light but reflection is still present and is responsible for the
oscillations of the spatial intensity variation (figure 2.7) around a mean
which is the refraction pattern. Zone I where diffraction is the
dominant mechanism of light scattering should be avoided to make
sure that no refraction-diffraction interference occurs. Zone II, where
refraction dominates the scattered light, can be useful for sizing if
problems due to surface reflection can be avoided.

The relative amplitudes of refraction and surface reflection for
forward scatter are responsible for the oscillations on the interference
pattern as can be seen in figure 2.8. The intensity variations of
refraction only (continuous line) and surface reflection only (dashed
line) interference from both beams with particle size for elevation and
rotational angles of 30° and 5.3° are shown in figure 2.8a. It is obvious
that for diameters between 30 and 40 um the relative amplitudes of
refraction and surface reflection are similar and this cannot be avoided
and can give rise to sizing errors as will be explained later, although
the Gaussian distribution of the incident light reduces this effect when
the particle crosses through the centre of the probe volume. Figure
2.8b confirms that the high frequency oscillations of the refraction-
surface reflection interference intensity pattern have larger amplitude
when their relative amplitudes are similar and similar is the effect on
the phase of the scattered interference pattern at a point in space.

Figure 2.9 shows the refraction intensity pattern at different
elevation angle planes parallel to the plane of the beams for a 40 pm
glass bead. The fringes are apparent by inspection and have the
appearance of hyperbolic lines which are normal to the plane
containing the incident beams. Close to the plane of symmetry of the
anemometer they are nearly straight lines vertical to the plane of the
beams with their curvature increasing with rotation angle £. The
collection of the scattered light in a LDA system is succeeded through
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apertures. The shape of the fringes suggests the use of rectangular
apertures, long in height and narrow in width, parallel to the direction
of the fringes so that a large part of the fringes is observed. Also, the
fringe pattern suggests that the best position to collect light is close to
the symmetry plane, where the fringes are nearly straight lines and
fringe curvature will not influence the integration across the collection
apertures.

The phase difference between two fixed points in space versus
droplet diameter with refractive index of 1.5 is shown in figure 2.10a.
The two detectors are located at an elevation angle of y = 30° and
angle of rotation relative to the plane of symmetry of the anemometer,
of £ = 5.3° and 1.0°. The dashed line shows the results assuming only
interference due to refraction from both beams. The continuous line
shows the phase difference between two Doppler signals observed at
photodetectors collecting light through point apertures due to the
interference of refraction, surface reflection and diffraction and
direction of polarisation of the incident beams normal to the plane
which contains the two beams. The refraction calibration curve
exhibits a linear relationship between phase shift and size as expected
from the analysis of the previous section. The full geometrical optics
curve exhibits high frequency oscillations around a mean value, which
is the refraction phase difference.

The calibration curve of figure 2.10a may be calculated by
integration of the scattered fringe pattern over finite size collection
apertures and figure 2.10b show the result of integration over
rectangular apertures with dimensions 8¢ = 0.95° and dy = 9.5° which
corresponds to 50 mm to 5 mm slits placed at 300 mm from the
probe volume of the anemometer. The fluctuations of the curve have
been reduced greatly. The continuous line is the Mie theory
calculation after integration over the finite apertures, described by Al
Chalabi et al, (1987) and the dashed line is the solution from
geometrical optics. The agreement between the two curves is good
and it may be concluded that the "integration" of the apertures of the
collection lens over the intensity pattern establishes a linear
calibration curve with conversion constant identical with that
predicted from the simplified theory of Saffman et al (1984). Also,
since the Mie theory solution agrees well with the geometrical optics
approximation in the forward scatter region examined here,
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contributions to the scattered light in this interval from paths
undergoing more than one internal reflection can be neglected. The
implications for the phase-Doppler technique are that oscillations in
the calibration curve are due to interference between two or more
paths and that similar qualitative results can be expected over most of
this scattering interval.

Sidescatter direction (Zone III and IV)

Zone III (=80° < 6 < =110°)

The scattered light in this interval is due to surface reflection
only, since it was decided not to include in the calculations light
scattered by two internal reflections, which according to Van de Hulst
(1981) is less than 5% of the incident energy scattered by a water
droplet in this interval. It is expected to see small oscillations in the
Mie theory calculated calibration curve, because there is mainly one
contribution to the scattered light (surface reflection) present. Figure
2.11 allows comparison of the phase of the scattered light by a water
droplet (m=1.33) determined by Mie theory and geometrical optics
for one observer located at a mean scatter angle between the two
beams of 100° corresponding to & = 178° and y = 80°. The phase
difference for two observers has not been calculated because of the
relatively large cost of evaluating the Mie solution and since no vital
information is lost in doing so. For the same reasons integration over
apertures was not performed, although as was demonstrated earlier
reduction in the amplitude of the oscillations can be anticipated by
comparison with the prediction from a single path, but this needs
further work to be proved.

The discontinuous straight line of figure 2.11 is due to surface
reflection only and the solid line is the Mie solution. The amplitude of
the oscillations, as expected, is small and may be further reduced by
integration over the detector aperture. In this interval, the change in
phase with particle size is slow so it is suitable for the sizing of large
particles (e.g. around 1 mm). If high size resolution is necessary, it
can be achieved by separating the detectors by relatively large angles
which precludes mounting the detectors in a single, integrated unit.
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Zone IV (=110° < 6 < =130°)

The components of the scattered light for zone IV are, in
principle, the same as for zone III. However figure 2.4a shows that the
ray which undergoes two internal reflections gives rise to a second
rainbow (Van de Hulst, 1981) and, since rainbows contain appreciable
energy and large interference effects, it is expected that the
calibration curve will be qualitatively different. This is confirmed by
figure 2.12 for a mean scatter angle of 120° the geometrical optics
solution remains a straight line with a small gradient but the Mie
solution shows large amplitude oscillations around this line. Further
work is needed to establish the influence of aperture integration on
the phase oscillations as effectively as in figure 2.10b.

Backscatter direction (Zone V, Zone VI, Zone VII)

Zone V (=130° < 6 < =140°

Geometrical rays in this region arise from surface reflection or
from those which undergo three, or more, internal reflections.
Generally, the larger the number of internal reflections, the weaker
the emerging ray and it would be reasonable to expect that the
calibration curve should be dominated by the effects of the reflected
on the surface of the sphere rays alone. Figure 2.13 shows the
surprising result that, for a mean scatter angle of 133°, the amplitude
of the phase oscillations of a water droplet is violent, although the
mean trend resembles the solution predicted from geometrical optics.
The explanation is that this interval is narrow (=10°) and, as a
consequence, the :catter angle from each beam is close to either the
main or the second rainbow angles. As demonstrated already, the
rainbow angles generate large oscillations in the calibration curves due
to the associated interference patterns.

It should be noted here that the rainbow angles are functions of
the refractive index, m, of the particle. The angles of the main and
the second rainbows for water (m = 1.33), the case examined here,
are 138° and 128.7° respectively. For glass beads (m = 1.5) the
corresponding angles are 157.2° and 97.4°. The interval between the
rainbows is much larger for the latter case and it is possible that the
calibration curve for glass is smoother than that for water shown in
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figure 2.13. The influence of the refractive index on the technique is
discussed later.

Zone VI (=140° < 6 < =170°)

This region is occupied by the main rainbow and covers a range
of angles, which is potentially useful for measurements near
backscatter. The paths which contribute to light scattered in this
direction are surface reflection and two separate branches from one
internal reflection (figure 2.14). Figure 2.15a shows that both
geometrical optics and the Mie solution predict high frequency
oscillations and large amplitude excursions over two separate size
ranges of water droplets, between 4 and 8 pm and between 20 and 30
um at a scattering angle of 150°. It is not apparent why the sign of
the phase for the first range is different for the two solutions, but this
is of lower importance than the amplitude of the oscillations. It
should be noted that the phase results are presented in the interval (-
180°,+180°), so phase values larger than +180° are presented as
negative phase values (e.g. for the size range between 20 and 30 um-
figure 2.15a).

The effect of the surface reflection on the calibration curve is
shown by comparing in figure 2.15b, solutions from the geometrical
optics approximation for the phase due to light undergoing one
internal reflection only (dashed line) and that due to the interference
between surface reflection and first internal reflection (solid line) : the
high frequency oscillations are now absent from the phase due to light
undergoing one internal reflection but it is not a straight line as
probably someone would expect. The excursions between 4 and 8 um
and between 20 and 30 pm remain prominent, however, and must be
due to interference between the two branches of the internally
reflected light existing before and after the rainbow (figure 2.4a). The
calibration curve based only on the first internal reflection path is
multi-valued and qualitatively different from the surface reflection only
or the refraction only calibration curve. There is no reason why
integration over an aperture will remove this effect, so the tentative
conclusion is drawn that a useful calibration curve cannot be
established in this scattering angle interval. However, Bachalo et al
(1988) recently performed aperture integration calculations in the
backscatter direction and found that a useful calibration curve can be
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established at a scattering angle of 150°, but the explanation for that is
still unknown.

Zone VII (=170° < 6 < 180°)

It is known that the approximation used in geometrical optics is
no longer valid in this interval due to the existence of the so called
"edge rays" and no attempt was made to produce calibration curves
based on the geometrical optics approximation. Mie theory solution
obtained in this zone (Al Chalabi et al, 1987) without aperture
integration show large phase oscillations suggesting that no useful
calibration is obtainable in this interval.

The effects of collection angle may be summarised as follows :

i) Forward scatter collection ( =25° < 8 < =80° ) can be used for
size measurements of transparent spheres based on refracted light.
Collection angles around 30° are appropriate for this purpose for the
following reasons: surface reflection has small influence on the results
and diffraction is negligible; the intensity of the scattered light
decreases with increase in scattering angle resulting in poorer signal-
to-noise ratio.

ii) For sidescatter collection ( =80° < 6 < =110°) the surface
reflection part of the scattered light establishes a calibration curve
useful for applications involving large particle sizes.

iii) For backscatter collection ( =140° < 6 < =170° ) maybe is
possible to establish a useful calibration curve, but more work is
needed.

b) Beam intersection angle.

There is a linear relationship between phase
difference/diameter ratio and beam intersection angle for LDA
intersection angles up to 30° and can be seen on figure 2.16, for
locations at an elevation angle y=30° and rotation angles §,=5.3° and

£,=1° and for refractive index m=1.5. It can be seen that the size

resolution at one light collection optical arrangement increases with
beam intersection angle, but the possible size range decreases.
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The intersection angle of the laser Doppler anemometer beams,
¢, defines the fringe spacing, f, of the anemometer, which changes

linearly with angle :

f= S (2.28)

9
2s1n2

According to the simple theory of Durst and Zaré (1975) the fringe
spacing f projected through a transparent sphere, which acts as a lens,
determines the frequency of the scattered fringe pattern. So the
change of the beam intersection changes accordingly the frequency of
the spatial fringe pattern and this means that the fringe spacing can
be used as a parameter to normalise the particle diameter and obtain a
unique calibration curve of the instrument (phase - dp/ f) for different

intersection angles.
c) Finite collection aperture.

The effect of the collection aperture on the calibration curve
was mentioned in the previous section and it is obvious from figure
2.10b that integration of the intensity interference pattern over the
rectangular aperture dampens the amplitude of the phase difference
oscillations. Although this occurs for all particle sizes, it is more
effective for larger sizes. Figure 2.17 shows the phase lag between two
Doppler signals for sizes up to 10 um through ractangular apertures
centred at two points with elevation angle 30° and rotation angles of
8° and 1° to the optical axis of a laser Doppler anemometer for a
particle refractive index 1.5, where the polarisation is normal to the
plane of the incident beams and intersection angle is 10°. The height
and width of the apertures are 9.5° and 1.1° respectively which
correspond closely to a rectangle with sides 50 mm by 6 mm for a
collection lens placed 300 mm away irom the measurement volume of
the LDA. These dimensions can be realised in a practical
arrangement. The continuous line represents the phase lag after
integration over the apertures and the dashed line the phase lag due
to refraction only. It can be seen that the calibration curve is
multivalued for the small particle sizes (<~10 pm) even after
integration. This occurs because the spacing of the spatial fringe
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pattern increases with decreasing particle diameter and the
integration efficiency of a practical aperture decreases. These
oscillations limit the ability of the technique for small sizes as further
discussed by Saffman (1986) and Hardalupas & Taylor (1988).
Different aperture sizes have been examined by Saffman (1986) who
demonstrated that the oscillations become negligible only if light is
collected through apertures (6.8 f-number) which are too large to
incorporate in receiving optics in which the same lens is used by all
photodetectors. However, for practical aperture dimensions,
Hardalupas & Taylor (1988) have shown that oscillations exist for
small particle sizes and for collection angles in the range of 30° and
70°.

Using the sizing feature of the instrument, the velocity of
particles as large as 2 pm could be measured and considered as the
continuous phase characteristics. This is not that straightforward
because of the oscillations left on the calibration curve, and results in
low data rates due to rejection of particles with aerodynamic diameter
less than 2 um, but which have an optical diameter larger than 2 um
(Hardalupas & Taylor, 1988). The sizing ability of the instrument is

limited to particles larger than around 10 pm for the case examined
d
here, which corresponds to particle sizes with ratio —fE ~ 2.5, where f

is the fringe spacing and dp is the particle diameter. This means, that

by increasing the angle of the beams, the minimum diameter that the
technique can size decreases. So for optical arrangements with small
possible size range (e.g. up to around 20 um), particles larger than
around 5 um may be sized, but when the possible sizing range has to
be large (at least of the order of 80 pum), as for the case of Hardalupas
& Taylor (1988) then the lower sizing limit increases.

d) Gaussian intensity distribution.

All of the above calculations assumed uniform illumination of the
sphere, due to the small particle diameter relative to the beam waist
diameter. However, the incident intensity distribution of the laser
light is Gaussian and a particle comparable to the beam waist provides,
for example, stronger surface reflection amplitude relative to that of
the refraction when it crosses the probe volume close to the edge than
through the centre (figure 2.18). The possibility of the occurrence of
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the problem shown in figure 2.18 increases with collection angle
because the observed area of the probe volume decreases, and
provides an additional reason for choosing 30° for light collection in
forward scatter rather than a larger angle.

The practical implication is that, for example, refraction
through a transparent sphere may not be dominant over surface
reflection in the forward direction and then errors can occur and
special care is needed in the form of software validation as follows.

The fringe pattern due to refraction alone has a temporal
variation that makes the "refraction" fringes appear to move in the
direction of the particle motion. Fringes due to the interference of
the surface reflection from the two beams appear to move in the
opposite direction and this may assist in the discrimination between
the phase difference due to refraction or surface reflection. If the
phase due to refraction is measured and define it to be positive then
the phase due to surface reflection will be negative at the same
position. So the phase variation due to refraction increases linearly
with size is linearly increasing from 0° to 360°, whereas that due to
surface reflection decreases linearly from 360° to 0°. Figure 2.19a

shows the phase difference between two positions with elevation angle
y = 30° and rotation angles §, = 5.3° and §, = 1.0° as a function of

particle size: the solid line is due to refraction and the solid thich line
is due to surface reflection. Large phase shifts can be due to refraction
and large particles, or due to surface reflection and small particles.
Also small phase shifts can appear from larger particles reflecting light
from their surface or small particles refracting through them. Thus
size measurements assuming refraction can be contaminated from
surface reflection due to the Gaussian distribution of the incident light.
One solution to the above problem is to use three photodetectors so
that there are two phase difference calibration curves (figure 2.19b).
The ratio between the two phase values of the steeper calibration
curve to the shallower can be used to discriminate surface reflection
from refraction signals with small uncertainties, as figure 2.19c shows,
which can also be eliminated by choosing an optical arrangement
which gives symmetry between the phase shift due to refraction and
surface reflection.

This arrangement of the receiving optics helps also to provide a
"vernier" arrangement whereby the steeper of the two calibration
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curves is used to provide increased measurement accuracy over the
size range of the shallower calibration curve (Bachalo, 1984, Saffman
et al, 1986).

e) Particle refractive index.

The sizing principle is independent of the particle refractive
index when surface reflection is the only scattered light (e.g. steel
beads with polished shiny surface) or when surface reflection
dominates (e.g. air bubbles in water). The refractive index is generally
a complex number, where the imaginary part describes the absorption
occurring as light is transmitted through the particle material.

When there is no absorption by the particle, so that the
refractive index is a real number, refraction dominates in the forward
direction (30° < 8 < 80°). The phase shift due to refraction depends
on the refractive index and figure 2.20a shows calibration curves for
different refractive indices and figure 2.20b the variation of the slope
of the calibration curve, defined in degrees/um, as a function of the
particle refractive index for an anemometer with beam intersection

angle 10° laser light wavelength 0.6328 pm and photodetectors
located at elevation angle y = 30° and rotation angles §; = 5.3° and &, =

1.0°. It can be seen that the sensitivity of the calibration curve to
particle size decreases with decreasing refractive index. The decrease
is linear for refractive indices up to 1.4 and less than linear as the
refractive index increases. Thus when the exact refractive index is
not known a priori or there is a refractive index change during the
measurement (e.g. due to fuel droplets in a region of combustion
where the refractive index of the fuel droplets changes with
temperature), there can be an uncertainty of 10% in particle diameter
for spheres of nominal refractive index 1.4 and a refractive index
change of 7%.

When absorption from the particle is significant, the intensity of
the surface reflection may become of the same order, or larger than,
the refraction part of the scattered light. Then errors can occur
because the calibration curve changes. For such cases, the relative
amplitude of surface reflection to refraction or internal reflection has
to be examined before deciding if the technique can be used. Further
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work is required on this subject to quantify the magnitude of
absorption, as represented by an imaginary refractive index.

f) Detector angular spacing.

Figure 2.21 shows the effect of the change of the angular
spacing between the detectors of the scattered light. The
characteristics of the optical arrangement are : beam intersection

angle=10°, elevation angle y=30° rotation angle for one detector
§,=1.0° and &, varies to give different angular spacings between the

detectors, but always close to the symmetry plane of the anemometer.
Increasing the angular spacing results in increased sensitivity to size
and a decreased possible size range. The size sensitivity is presented
by the ratio of phase/diameter in figure 2.21.

g) Polarisation of the incident beams.

The effect of polarisation of the beams is to decrease the
amplitude of the oscillations on the phase calibration curve, when the
polarisation is normal to the plane defined by the beams and the
collection position is out of the plane of the beams and close to the
symmetry plane of the anemometer. The opposite is true when the
collection position lies on the plane of the beams.

The scattered light is generally polarised elliptically at a point
in space, even when the incident beams are polarised linearly. This
means that the components of the amplitude functions in both Y and X
directions (figure 2.5¢) may be important. For incident beams
polarised vertically relative to the plane of the beams, detection of the
scattered light in the forward direction and off axis from the plane of
the beams, in the Y direction, can be assumed to preserve the vertical
polarisation of the scattered light, so there is no need for a polarising
filter to be used. However, the polarisation of the incident beams can
be used, as Saffman (1986) demonstrated, to eliminate surface
reflection contribution to the scattered light by using light collection
through a linear polariser at a certain direction.



71

h) Flow turbidity.

Flow turbidity is a measure of the interaction of the two-phase
flow with the incident laser beams and the scattered light. In
dispersed two phase flows both the incident beams and the scattered
light in the direction of the collection optics can be interrupted by
particles, which do not pass through the probe volume. Kliafas et al
(1986, 1987) examined the "depth of field" effect on amplitude and
visibility techniques, which could be disastrous for both techniques.
The theory will be examined here to find out what the effect of "depth
of field" is on the phase-Doppler technique.

One effect of the depth of field is to make the intensities of the
incident beams unequal. Thus equation (2.20) becomes :

Ep = (Ey, C, e™ + Ey, Cy ™Y () explilot-kr)  (2.29)
and the total intensity, L. = E; E* is given by :

1
Ip =323 Uy Cp Cy* +1gy Cp Cp* + (Ig; Igp)'/2 C; Cp* €27+

(Ip; Iog)'/2 C,* C, ef2t) (2.30)

Finally the coefficients of equation (2.24), I = A + N cosg, are :

I I
01 02
K +T = 2 (I, I,))'/% C,* C, et (2.32)
2, 121/2 5 = tan &
where N = (K* + T9) , 0 = tan (K] (2.33)

Equation (2.33) shows that the phase shift ¢ of the scattered
fringe pattern at one position in space is given as the ratio of the
imaginary to the real part of C;* C, and, as a consequence, it is
independent of any inequality of the two beams. This means that any
random, unsteady variation of beam intensity has no effect on the
difference in the relative phase between Doppler signals at any two
locations in space and so does not affect the accuracy of the particle
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diameter. Another implication of depth of field concerns the accuracy
of measurements of particle flux in the presence of flow turbidity, but
this is examined separately in section 2.7.

2.5 Experimental verification

Experiments were carried out to verify the theory and to
quantify the influence of the optical arrangement and the signal quality
on the results.

a) Calibration curve

The optical arrangement of figure 2.22 was used initially to
verify the analysis with a laser Doppler anemometer based on a 5 mW
He-Ne laser. The scattered light was observed through a
photodetector system, which could be rotated around the probe
volume formed by the incident beams at different collection angles. A
200 mm plano-convex focal length collection lens was used with two
slits placed at symmetrical positions from the collection optical axis
and the light passing through them was directed to two
photodetectors by mirrors. The beam intersection angle was 11.3°
and the fringe spacing was 3.21 pm.

Single particles were mounted on a rotating optical flat and the
particle diameter was defined with an error of *1 fringe spacing by
projecting, with a magnifying lens, the image of the glass bead inside
the laser crossing point onto a screen. Rotation of the optical flat
made the particle move across the probe volume. Care was taken to
keep the optical flat clean so as to ensure the presence of only one
particle. The glass beads had diameters between 30 and 150 um. The
Doppler signals generated from each particle were amplified, high
pass filtered and transfered to a two-channel transient recorder
(DATALAB model DL912) with a 20 MHz clock for each channel. The
measurements were transfered, via an 488 interface, from the
transient recorder to a PDP 11/03 computer.

The maximum amplitude positions of the Doppler bursts were
located and the frequency was calculated by autocorrelation and the
phase shift between the Doppler signals by crosscorrelation of the +4
cycles around the maximum position. More information about the
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technique used to extract frequency and phase shift of the Doppler
bursts can be found in Hardalupas (1986).

The theoretical calibration curve and experimental results are
shown in figure 2.23 as a function of the glass bead diameter (m=1.5).

The detectors were positioned at elevation angle of 30° and rotation
angles §,=3.5° and §,=1.9°, the beam intersection angle was 11.3° and

the aperture dimensions were 50 mm by 5 mm. Good agreement is
shown between the theoretical curve (continuous line) and the
experimental results (black circles). The small differences from the
theoretical results are due to imperfections in the sphericity of the
glass beads and in their surface quality.

b) Flow turbidity

Experimental investigations were carried out for different
depths of field in the transmission or the collection path with glass
beads of different sizes (Hardalupas et al, 1986) to verify that turbidity
does not affect the measured size. A repetitive Doppler signal was
generated by rotation of a 100 um glass sphere at constant angular
velocity through the probe volume of a laser Doppler anemometer.
This sphere was mounted on an optical flat which was placed on the
shaft of an electric motor; special care was taken to keep the disc free
of particles other than that of interest. Figure 2.24 shows the optical
arrangement used to check the influence of the interruption of the
beams on particle sizing with phase-Doppler and the principal
characteristics are summarised in table 2.1. The beam from a 5 mW
He-Ne laser was divided into two equal-intensity beams, with
polarisation lying in the plane of the beams, which were focused to
define the probe volume of the anemometer. The scattered light was
observed by two photodetectors, which were positioned at an elevation

angle, relative to the plane containing the two beams, of 30° and near
the plane of symmetry at rotation angles §,=3.5° and £,=1.9°. The 300

mm focal length collection lens and the collection apertures were
positioned on the lens and had dimensions 5 mm wide and 50 mm
long. The random interruption of the laser beams between the
transmission optics and the probe volume was simulated by a
transparent, plane sided tank of water which contained a known mass
of particles (see table 2.2) set in motion by a paddle stirrer. Similarly,
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the random interruption of the scattered light was introduced by
placing a tank of water between the control volume and the collection
lens. Two tanks were used to provide depths of field corresponding to
5 cm and 14 cm. The distances from the control volume to the tanks
were 35 mm and 70 mm for the transmission and reception paths
respectively. S v ~ '

After narrow bandpass filtering between 100 and 500
kHz, the Doppler frequency and the phase shift between the two
Doppler bursts were measured by a prototype zero-crossing counter
processor, incorporating a 250 MHz clock. The error (due to the *1
clock count error) of the measured frequency and phase was 0.08%
and 3% respectively for the frequency of 0.21 MHz and phase 85° of
the repetitive signal.

Figure 2.25 shows that the measured phase has a broadening
which is a function of the void fraction. The measurements of figure
2.25a correspond to interruption of the transmission path over a
depth of field of 14 cm and figure 2.25b to interruption of the
collection path over a depth of field of 5 cm by 40-75 um particles.
The ordinate has been normalised by the mean phase of the 100 pm
bead with no interrupting particles; the symbols represent the mean
value of the phase at any given void fraction and the attached vertical
error bars show the range between maximum and minimum measured
values. It is clear that changes in the mean values are smaller than 5%
and the r.m.s. error was always smaller than 5% with the error
increasing with void fraction and the diameter of the interrupting
particles. The errors are rather due to the lower signal-to-noise ratio
than due to the principle of the method which was proved
theoretically that is not affected by random attenuation of the beams
and the scattered light.

These results, when compared to those of Kliafas et al (1986,
1987), show that the influence of depth of field on the systematic and
random errors of measurement of particle diameter are much smaller
for the phase-Doppler method than for either the pedestal amplitude
or the visibility techniques. Table 2.3 summarises typical r.m.s. errors
for 3 particle size ranges at similar void fractions for measurements
made from phase-Doppler and visibility; pedestal amplitude has
similar r.m.s. errors but is not considered because of the large
systematic component which is associated with increasing void
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fraction and which is smaller for visibility and virtually absent for the
phase-Doppler technique. It should be reminded that, because of the
smaller dimensions of the probe volume in the results of this
experiment, the phase-Doppler measurements have been made under
more demanding conditions than those of Kliafas et al (1986) since
the ratio of the beam diameter to the interrupting bead diameter is
smaller.

c) Signal-to-noise ratio of signals.

The experiment described in the previous section allowed the
influence of the signal-to-noise ratio to be examined. The increase of
the r.m.s. error of the phase shift with the increase of the void fraction
is due to the decrease in the signal-to-noise ratio of the signals. The
signal-to-noise ratio is also affected by the width of the bandpass
filtering. Figure 2.26 shows the increase in the r.m.s. error of the
phase shift, over a depth of field of 14 cm in the transmission part
with 14-40 pum interrupting glass beads at a void fraction of 0.05%, as
the low pass filter setting was increased to 2 and 10 MHz. It should
be noted that the frequency was unchanged between the two filter
settings, proving that the measurement of phase is more easily
affected by low signal-to-noise ratio than is the frequency.

d) Aerodynamic sizing - Phase-Doppler comparison

In order to evaluate a phase-Doppler instrument in a two-phase
flow and not with single particles as was done in section (a),
independent information of particle size is required. Wilson & Liu
(1980) have shown how to relate the aerodynamic diameter of a
particle to the measurement of its velocity at the exit plane of a rapidly
converging nozzle and Haghgooie et al (1986) have recently used the
principle to measure seed particle diameters. The concept has been
adapted here to assess the correlation between the phase generated by
a glass bead and its aerodynamic diameter, through the simultaneous
measurement of phase and velocity by the phase-Doppler anemometer.

The principal characteristics of the phase-Doppler anemometer
used for this experiment can be found in table 2.4. Figure 2.27a shows
the calibration curve of the system which involves the use of three
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photodetectors. There are two pairs of photodetectors which give
independent information about the size and with two sensitivity levels.

Signals were processed by a zero-crossing counter described later in
section 2.6. The line designated as "®," in figure 2.27a corresponds to

the phase measured between the central detector and an adjacent one
and has lower sensitivity and "®," corresponds to phase measured

between the outer detectors. A tolerance at the measurement of the
phase for each curve is assigned, which for this experiment was +15%
of the expected phase value (figure 2.27b). A signal is accepted as
valid when the ratio of the two phase measurements is within a certain
tolerance defined as :

O, te®, _ @, (1+¢)

tio = = 2.34
ratio o, 1£0) ( )

where ¢ is the tolerance of the phase measurement. The nominal
value of the ratio for this optical arrangement is 2.0 and by using
equation (2.34) with € = 0.15, the tolerance of the ratio is 2.0 £ 0.6.
For small phase shifts, the error is comparable to the phase
measurement itself and ratios of 2.0 become progressively rarer so the
ratio is relaxed to 1.0 for phase measurements which correspond to
sizes smaller than 5 um. This procedure is specific to the present
electronic arrangement which is described in the next section, but
does not affect the conclusions drawn below. It should be emphasised
that the expected phase ratio is for refraction and, as already
mentioned in the previous section, phase ratio due to surface
reflection varies with particle sizes. Figure 2.28 shows the sets of
calibration curves used for this experiment due to either refraction or
surface reflection and the phase ratios as a function of particle size. It
can seen that for 40 um glass beads the phase ratio expected due to
surface reflection is around 0.5, while due to refraction is 2.

Figure 2.29 shows the essential details of the nozzle. Air was
introduced and passed through drinking straws which straightened
the flow before flowing through the nozzle, with a 72 : 1 area
contraction. The shop-air supply, was metered by a rotameter at
approximately 40 1t/min to give an area-averaged exit velocity of about
7.7 m/s and seeded with kaolin by a reverse cyclone arrangement
(Glass & Kennedy, 1977). The turbulence intensity, measured by the
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phase-Doppler anemometer at the exit of the nozzle and in the
absence of the beads, was 2%.

The large particles, in this case 40 um glass beads, were added
through a 5 mm diameter pipe, at the smallest attainable flowrate
from a screw feeder arrangement, described in the following chapter,
to ensure that the velocity of the air in the nozzle was not affected.
The mean velocity and turbulence intensity of the 40 pm beads at the
pipe exit, measured by the phase-Doppler anemometer in the absence
of the accelerating nozzle, were 0.24 m/s and 56% for a phase window
of 130° - 170° which corresponds to approximately 35 - 45 um for
the optical arrangement used here. This velocity is larger than the
expected terminal velocity of a single 40 pm glass bead of nominal
density 2,420 kg/m° (=0.11 m/s, calculated according to Fuchs,
1964), probably due to the "shielding" effect of the surrounding cloud
of glass beads which permits the attainment of velocities larger than
the terminal velocity. The count distribution of the 40 um glass beads
used in this experiment (nominally in the range 37 - 44 pum on a
volume basis) shows that the number of "fines" below 37 ym is not
negligible (figure 3.2b).

The velocity of the glass beads at the exit of the nozzle and on
the centreline was measured by the phase-Doppler anemometer as a
function of the phase of the signal and the probability distributions of
the velocity of the beads and of the seeding particles are shown in
figure 2.30, each normalised separately. The acceleration through the
nozzle generates a slip velocity between the air and the beads, which
increases with the aerodynamic diameter of the bead. Since the
velocities of the gas and of the largest beads can be measured, "velocity
windows" can be assigned which always correspond to the seeding
particles and to beads which have aerodynamic diameter close to 40
um. The concept of these "windows" will be used to find out how
accurately 40 pum glass beads can be discriminated from seeding using
the phase-Doppler technique. The details of the other aerodynamic
diameters between, say, 35 um and 5 pm have not been investigated
and it is for this reason that the experiment is referred as "semi-
quantitative". Two are the purposes of this experiment : a) to prove
validation of the sizing measurements, b) to find out the sizing
accuracy of the measurement of 40 pm glass beads and c) to find out
the behaviour of the phase-Doppler instrument with powders used for
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seeding air flows and the degree of discrimination between optically
sized seed particles and 40 pm glass beads. Although the experiment
is referring to 40 pm glass beads, there is no reason why the results of
this experiment cannot be applied to other glass beads sizes.

Sizing measurements

Figure 2.31a shows that the number-frequency distribution of
the ratio of the two pairs of phase measurements with laser power of
300 mW exhibits two peaks : at around 0.5 and 2.0. This is expected
and proves that measurement due to surface reflection only can give
rise to the ratio peak value of around 0.5. The ratio validation is
important to eliminate measurements caused by surface reflection and
this makes the use of three photodetectors a necessary feature of the
instrument rather than a way to extend the size accuracy possible for
one optical arrangement. Figure 2.31b shows the ratio distribution
after rejecting the measurements with phase "®," greater than 180°.

The size range possible up to phase shift "®," of 180° is around 100

um and there are no particles larger than 45 pm in the glass beads.
So the ratio distribution of figure 2.31b proves that this validation
rejects most of the measurements with ratio around 0.5 which are due
to surface reflection. There are also phase ratio values between 1. and
5. and, although part of this broadening is due to a 10° r.m.s. error in
the phase measurement a large part must be due to aspherical
particles. Eventually rejecting results with phase ratios due to
reflection, there are phase ratios which can only be due to non-
spherical particles. But it is shown that the ratio validation of 2.£0.6 is
going to reject measurements from non-spherical particles.

Finally the effect of the laser power can be seen in figure 2.32,
which shows the ratio distribution before any validation for a laser
power of 60 mW. Comparison between figures 2.31a and 2.32 shows
that two peaks remain on the ratio distribution, but the relative
number of measurements at the peak around ratio values 0.5 is smaller
for lower laser power. The Gaussian distribution of the light in the
incident beams is responsible for signals due to surface reflection only,
which are associated with particle trajectories through the edge of the
control volume. Signals from the edge of the probe volume processed
by the zero crossing counter reduce with decreasing laser power,
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because the probability of having signals from the edge of the control
volume with enough number of zero crossings for the counter to
process decreases with laser power, so the relative number of surface
reflection measurements is also reduced.

Sizing 40 um glass beads

Figure 2.33 shows the phase distribution on channel "®," of

figure 2.28a of the 40 pum glass beads measured by the prototype
counter with a ratio validation of 2+0.60, for a laser power of 300 mW.
The phase distribution has a modal value at about 150° which
theoretically corresponds to approximately 40 pm. This is an
encouraging result, given the uncertainties in the sphericity of the
glass beads. If the beads were totally amorphous then the phase and
the ratio distributions of figures 2.33 and 2.31a would be uniform over
all values. The smallest phase measured is about 10° which
corresponds to 3 um. Note that the shapes of the number density in
figures 2.33 and 3.2a are not expected to be quantitatively similar
because the probability of measurement by a phase-Doppler
anemometer is proportional to cross-sectional area of the
measurement volume and this is a strongly non-linear function of
particle size, because of the Gaussian distribution of light intensity in
the incident beams (see, e.g. Roberts et al, 1979). On-line correction
can be made for this effect (Saffman, 1987).

Figure 2.34 shows simultaneous measurements of velocity and
associated phase at the exit of the nozzle, after phase ratio (2+0.60)
validation. It is clear that the maximum number frequency of beads is
again at around 150° and the associated velocity confirms that these
are equivalent to about 40 pm. A number of beads have low velocity
correlated to phase smaller than 130°, or optically determined
diameter smaller than 35 pm. This result can only be due to particles
which have an aerodynamic diameter near 40 pm but which are
insufficiently spherical to produce the expected phase. This figure
was used to quantify the cross talk into the 35-45 pm window from
beads outside the window and the cross-talk from this window into
size ranges outside this window and in particular into the phase
difference window assigned to the seed particles.



80

It is convenient to define the following terms explained in
figure 2.35 :

* the "40 um beads phase-window" is defined as lying between
130° and 170°, which corresponds to optically-measured diameters of
spherical scatter of between 35 pym and 45 um. This is area "A" in
figure 2.35;

* the "40 pm beads velocity window" is defined as lying between
U, £ u',,, where U, and u', are, respectively, the measured mean and
r.m.s. of the beads at the exit of the nozzle, measured at low (60 mW)
laser power. This is area "B" in figure 2.35. The window defines the
velocity of beads with aerodynamic diameters of between about 35 to
45 um;

* the width of the "seeding particles phase-window" is defined
as 40° which corresponds to optically-measured diameters of

spherical scatterers up to about 10 pm;

* the minimum gas velocity, Vg is the measured minimum

as,min
velocity of seed particles at the exit of the nozzle.

The cross talk into the 40 pum phase window, area "A", from
beads with aerodynamic diameters outside the 35-45 um range can be
estimated from figure 2.36, which shows the velocity probability
distribution of all signals (10000) within the 40 um phase-window
measured at 300 mW laser power - which corresponds to the power
used to measure the seeding particles. About 80% of the distribution,
area "C", lies within the 40 pum velocity window. The width of the
latter was defined as twice the r.m.s. of the measured velocity of the
beads and thus the figure demonstrates that cross-talk from aspherical
beads outside this range is negligibly small.

The cross-talk from beads with aerodynamic diameters in the
35-45 um window into optically determined size ranges outside this
window is shown in figure 2.37. The figure shows the probability
distribution of phase for all signals (19000) within the 40 pm velocity
window, area "B", after imposing a phase ratio validation of 2 * 0.60.
The distribution is bell shaped and 42% of the signals fall within the
40 um phase-window, designated area "C" : this percentage means
that there is a large cross-talk from the 40 um beads into other size
ranges. One of the implications of this result is that, in a size
distribution which is dominated by nominally 40 pm beads, there is no
justification in using phase to examine the velocity characteristics of a
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smaller size range, say 20 * 5 pm. It should be mentioned here that
the results of this paragraph are independent of a five fold decrease in
the laser power from 300 mW.

Seeding measurement - cross-talk from glass beads

The sizing of seeding particles (e.g. powder or mineral oil)
introduced in the flow to determine the characteristics of the gas
phase is discussed in this section. One of the main purposes of this
work is to measure the gas phase at the presence of the dispersed
phase. For this reason signals from seeding particles should be
discriminated from these generated from the dispersed phase. This is
not always successful when glass beads are used as the dispersed
phase and the following section quantifies experimentally the amount
of particles with large aerodynamic diameter which could be
considered as seeding particles when their diameter is optically
determined.

Mineral oil droplets smaller than 3 um, atomised by a Norgren
"micro fog" lubricator and tested with an aerodynamic particle sizer
(A.P.S. 33, T.S.L. Inc.), were used to check the calibration curve as well
as that of a commercial instrument (Aerometrics Inc.). The results
from the two instruments, figures 2.38a and b, show that the phase-
Doppler technique can identify spherical seeding particles to a
tolerance which is adequatic for many engineering applications, but not
to size them.

The optically-measured diameter corresponding to kaolin
(society of Leather Trades Chemists' specification; BDH Chemicals
Ltd.), dispersed by a reverse cyclone generator and measured by the
Aerometrics system, is shown in figure 2.39a. The kaolin is specified
to have a diameter smaller than 2 um, and tests with the aerodynamic
particle sizer for similar generators confirms this, but here the phase-
Doppler measures up to 70 pm. The zero-crossing counter gives
similar results, figure 2.39b, and it is concluded that the micrometer-
sized solid seeding particles can result in measurements of
inappropriately large diameters. The focus of attention is the
measurement of the velocity of the gas phase and, in a system which
used atomised mineral oil for seeding, this would be done by retaining
signals with a phase which corresponded to diameters smaller than,
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say, 2 um. The same procedure could be used for the solid seed but,
as shown below, it is necessary to maintain the data rate from the
seeding particles as high as possible to minimise the error generated
by cross-talk from the beads. The restriction of the seed
measurements to particles smaller than 2 um would be wasteful of the
seed signals if there are no beads below, about 5-10 um, which is close
to the truth in the flow examined here (figure 3.2). Signals are
accepted as gas phase over a 40° window which still results in
rejection of about 76% of all seeding particles. This percentage which
is undesirably high, is dependent on the type of solid particles used as
the seeding phase : figure 2.39c shows that when titanium dioxide
powder (Kronos R1053; Kronos Titan - GmbH) is generated by a
reverse cyclone then the phase distributions measured by the zero-
crossings counter are substantially narrower. For this powder, 68% of
all seeding particles are rejected by the validation procedure of the
instrument. On the basis of the number of discarded seed signals,
there is advantage in using the titanium dioxide powder rather than
kaolin. It should be noted, however, that the amplitude of the signals
from the titanium dioxide is smaller than that from the kaolin and it
depends on the sensitivity of the receiving optics as to whether the
reduced rejection ratio is translated into higher flux of accepted seed
signals, which is the object of this procedure. This paragraph
concludes with two warnings. First, preliminary tests suggest that
kaolin and titanium dioxide from different manufacturers give
different results, so the conclusions are specific to the products
examined. Secondly, extensive tests on different types of solid
seeding particles have not been performed. There may be other solid
powders, or methods of generation, which result in smaller numbers
of rejected signals than the titanium dioxide reported here.

The cross-talk into the seed phase-window from the particles
with aerodynamic diameter larger than about 10 uym was determined
by the following experiment. The laser power was set at 300 mW and
the number of signals which were within the seed phase-window with
velocity smaller than Vgas,min were counted (673) during the time it
took to collect 10000 signals within the 40 um phase-window : the
resulting probability distribution is shown in figure 2.40a. The
important conclusion is that the number of cross-talk signals is
approximately 7% of the number of the measurements collected in the
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40 pm phase window. This conclusion is going to be used in chapter
3, in a suggested procedure for reducing the effect of cross-talk in the
gas phase measurements. The phase ratio validation in the seed
phase-window was, as mentioned earlier, reduced to 1 + 0.30. The
lower velocity limit, Vgas'mm, was imposed to exclude any true seeding
particles which might pass through the probe volume. The cross-talk
is expressed as a percentage of the signals within the 40 um phase-
window for reasons explained in the following section. The number of
cross-talk signals reduces to 3.73% when the laser power is reduced
to 60 mW, figure 2.40b, because fewer beads with diameter smaller
than, say, 35 um can contribute to the cross-talk at the lower laser
power.

It is useful to close this section by considering the sensitivity of
the phase-Doppler technique to surface anomalies, because the
explanation has implications for other techniques based on the
reflection or refraction of scattered light, such as the amplitude or
visibility of the signal. Figure 2.41 shows a ray diagram of light
reflected from one of the incident beams to the aperture of the
photodetector. Although the phase shift is due to refracted light, the
argument is more easily proved for reflected light. The figure shows
that the fan of the light received at the aperture of the photomultiplier
is of the order of its angular width which is of the order of one degree.
As a consequence, the segment of the sphere which is observed is half
this angular size. Even though the height of the aperture is typically
10 times the width, each photodetector thus is sensitive to a relatively
small part of the bead and surface irregularities need ~xtend over only
a few degrees to generate departures from the expected calibration
curve. These arguments can be equally applied to refraction. An
additional potential source of departure of the measured phase from
the calibration curve for a spherical scatterer is that the air bubbles
contained by some glass beads.

If the cross-talk occurs for the above reasons, the determination
of the size from amplitude or visibility will be similarly sensitive. It is
unlikely that the wider apertures which are, in principle, possible for
use when measuring the Doppler signal-amplitude will give any
material advantages.
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2.6 Design of a phase-Doppler instrument.

The experience obtained from the theoretical analysis and the
experimental investigation of the phase-Doppler technique was used
to design of the optical and electronic components of an instrument
based on the phase-Doppler principle.

a) Optical Design

The transmission optics is identical to that of a common laser
Doppler anemometer so that the beam from a laser may be focused on
a rotating grating and two equal intensity beams (+1 order) are
selected. Rotation of the grating provides frequency shift and the two
beams are collimated and finally focused to cross and generate the
probe volume of the anemometer.

The collection optics involves the use of three photodetectors
instead of one, as for a one component laser anemometer. Early
experimentation with two photomultipliers with separate collection
optics confirmed the problem of arranging them to observe the same
part of the probe volume, especially in dense dispersed two phase
flows where the possibility of each detector observing different
particles is increased. This becomes even more difficult when three
photodetectors are required and the need for a single common spatial
filter (pinhole). A similar solution is adopted in some commercial
designs of two channel LDAs.

Figure 2.42 shows a scale drawing of the collection optics used
for these experiments. The first lens (L1) collected the scattered
light through three rectangular apertures and collimated it. The
second lens (L2) focussed the light onto a common spatial filter of 100
um width and 1 mm length. The light transmitted through the spatial
filter was collimated by a third lens (L3) with smaller focal length than
the focussing lens (L2), so that the size of the three aperture images
was reduced by a factor of 3. Then the light from each aperture is
directed though a system of prisms to the photosensitive surface of
the detectors without any other spatial filter. There are masks
between the detectors to make sure that there is no optical cross-talk
between them. The optical components are sealed from daylight in a
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aluminium cover and an eyepiece is provided on the outside surface of
the optics to observe the spatial filter and facilitate alignment.

Spherical aberration can be avoided by the use of achromat
lenses with a combination of triplets especially for the front lens (L1)
but the cost is high. Good quality lenses are in addition diffraction
limited so that their blur spot size (Melles Griot, Optics Guide) is kept
small and measurements of particle flux and number density may be
obtained more accurately, as explained in the following section. The
present arrangement might also be improved by positioning the
apertures after the last lens (L3) although this will make change of the
apertures' spacing more difficult and the dimensional tolerance more
critical, because the image is smaller by a factor of 3 there. Finally,
the spatial filter was chosen to have a slit shape to limit the length of
the anemometer probe volume observed by the collection optics is
limited (figure 2.43) with a slit being used rather than a pinhole for
ease of alignment. The observed length of the probe volume, which is
limited by the width of the spatial filter has implications for the
measurement of the particle flux and number density for which the
knowledge of the size of the probe volume is necessary and allows
measurement in dense two phase flows where the requirement of the
e¢xistence of only one particle at a time in the probe volume is
critically satisfied.

b) Signal processing

The scattered light was directed at front window
photodetectors, and the signals from them were high passed from
passive phase-matched filters. Amplifiers were not used to avoid the
introduction of phase shift between the three signals. The signals
then were fed to the electronic processor, which was developed as a
consequence of experience gained through the experimental program.

The initial experiments were based on signal processing by a
transient recorder, which digitised two Doppler bursts and used
software, based on autocorrelation and crosscorrelation techniques, to
measure the frequency and phase shift. This system had the
disadvantage that it was slow and, even if the computer code had been
optimised, with extensive use of assemply language, could not have
extended a data rate of the order of ten measurements per second.
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Data rates of this order almost preclude the measurement of particle
flux or number density. The same disadvantage also apply to sizing
systems using transient recorders to measure the amplitude of the
pedestal and the visibility of the Doppler burst.

After confirmation of the theoretical analysis of the technique
through experiments, the Doppler frequency and phase shift between
two channels were measured by a zero-crossing counter, incorporating
a 250 MHz clock. The counter circuit was based on the design of
Heitor et al, 1984 and could measure (Hardalupas et al, 1986) fast
enough but involved only two channels, which were insufficient to
ensure error free size measurement. In addition, the resolution of the
phase measurement (especially for small phase shifts), was undesirably
small due to the 250 MHz clock.

The zero-crossing counter was therefore redesigned and rebuilt
to incorporate three channels and a 500 MHz clock to give a 2 ns time
resolution. The counter measured the time corresponding to five
Doppler periods, the time corresponding to eight Doppler periods,
the Doppler frequency, the time corresponding to the phases between
channels 1 and 2 and between channels 1 and 3, the residence time of
the particle in the probe volume, defined above, and the elapsed time
between measurements. This information was translated in seven 16-
bit words and transfered to a PDP11/03 computer by Direct Memory
Access (DMA). The electronic circuit incorporates validation checks
in the amplitude and the time domain so that noisy signals which
would lead to erronious frequency and phase measurement were
rejected.

The amplitude validation was based on a three amplitude level
check. The crossing of the central threshold gave rise to a square
wave (figure 2.44), which was used to measure the frequency of the
Doppler signal. However, the counting circuit was not activated before
both the central and the two outer, higher amplitude threshold levels
had been crossed in the correct sequence. The amplitude validation
check was performed on all three signals independently and the
magnitude of the outer thresholds on all three channels was variable.
The beginning of a Doppler burst was detected by the first correctly
sequenced crossing of the outer threshold and the end was deemed to
have occured at the first absence of outer threshold crossing.
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The time-domain validation is adopted only on one of the three
Doppler bursts. This signal, in crossing the lower threshold, activates
a Schmitt trigger and the period of the resulting wave is used to gate
the counting of clock pulses from the 500 MHz crystal. As shown in
the timing diagram, the crystal clock pulses are gated to two high-
speed counters. The first counter counts the number of 500 MHz
clock pulses occuring between the first positive threshold crossing
and the sixth crossing, which corresponds to 5 periods of the square
wave (figure 2.44), and the second counts the time of 8 Doppler
periods which have satisfied the amplitude validation. These two
Doppler frequencies, corresponding to these time measurements,
must be within a variable tolerance, as described below in equations
(2.35) and (2.36). If the signals satisfy the validation requirement, the
Doppler period for a valid signal is calculated by dividing the measured
time of 8 Doppler periods by 8.

The phase shift was measured relative to the reference channel
of the counter, which was the one validated in the time domain.
Figure 2.45 shows the timing diagram for the measurement of the
phase shift between channel 1 and 2 of the counter and a similar
circuit existed for the phase shift between channel 1 and 3. The low
threshold produced a square wave, which had successfully satisfied the
amplitude validation and was used for the time validation and the
frequency measurement was divided by two to give four square wave
pulses for each channel which were equal to the Doppler period.
Then the phase pulse sequence was produced (figure 2.45) and a
counter determined the number of the 500 MHz clock pulses during
the period that the pulse was set. This count included four times the
phase shift between channel 1 and 2 and four Doppler periods and the
phase shift was calculated in software. The division of the initial
square wave pulses from the low threshold by two was needed to avoid
electronic ambiguity for signals with phase shifts around 180°. The
same information was delivered from the counter for the phase shift
between channel 1 and 3.

The counter measured the elapsed time between each burst
successfully satisfied the amplitude validation, using a 100 kHz clock.
The time between measurements was used to find the particle flux,
expressed as valid measurements per second per unit area. Finally,
the counter also measured the time over which the amplitude
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validation was satisfied during a burst, which is approximately the
residence time of a particle in the probe volume of the anemometer,
assuming bursts with good signal-to-noise ratio. The residence time of
the particle in the probe volume was used to measure the particle
number density, as explained in section 2.7.

The counter's dead time associated with each measurement was
approximately 50 pus, of which around 30 ps was required for a now-
redundant Doppler-frequency calculation in hardware. Although this
dead time, between succesive measurements, ensured that the
counter did not measure twice in the same burst, the data rate was
currently limited to 20,000 measurements per second, which had
been proved sufficient for the requirements of the flows measured. In
some cases a data rate of 20 KHz would correspond to more than one
particle in the probe volume of the anemometer and hence is
satisfactory for many applications.

The upper frequency limit of the counter was around 15 MHz.
This was set by the amplitude validation circuit, which cannot operate
at higher frequencies and amplifiers of the input module of the
counter, which had cut-off frequency of around 20 MHz. The accuracy
of the measurement of frequency and phase is examined now below.

Frequency measurement

The time domain validation criterion of Heitor et al, 1984 is :

N
| 2 Ng - (Ng + —) | < Tol (2.35)

where N is the number of clock pulses measured by the counter over
the duration of 5 Doppler periods, Ng is the number of clock pulses

measured over the duration of 8 Doppler periods and Tol is either a
function of Ng or a constant set by the user. Usually (e.g. Heitor et al,

1984) Tol is defined as :

Tol = & N8 (2.36)
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where g is a constant defined by the user (usually 0.015). The

accuracy of the measurement of the counter cannot be more than + 1
clock pulse. Equation (2.35) can be modified :

N
8 Tol

which shows that the difference between the number of clock pulses
corresponding to the Doppler period calculated from the Ny and Ng is
limited by a certain tolerance which obviously cannot be less than 1

clock pulse. So if Tol is set equal to 1 clock pulse of a 500 MHz clock
and & equal to 0.015, equation (2.36) estimates the upper frequency

which can be measured by the counter as 6 MHz after which the
counter will ultimately fail to measure even in the absence of noise.
This limitation was overcome in Heitor et al (1984), where the time
domain validation was performed in hardware, by using a comparison
between the measured time of 10 and 16 Doppler periods, which
increases the maximum frequency limit of the counter due to the
above condition to around 12 MHz. However, the number of zero-
crossings available in a Doppler burst, especially for systems applied to
dispersed two-phase flows, is frequently less than 16 and the
requirement of at least 16 zero-crossings in each validated Doppler
bursts by the counter would lead to rejections of a lot of otherwise
valid signals. To avoid this condition here, the time domain validation

was performed in software and after a certain frequency the tolerance

(’Ii%l) of equation (2.37) was kept constant and equal to at least 1

clock pulse. This resulted to a larger uncertainty in the higher
frequencies (>6 MHz) and figure 2.46 shows the variation of g as a

function of the Doppler frequency where the tolerance has to be
increased at higher frequencies in order to make sure that the time
domain validation is not failing due to the counting error (+ 1 clock
pulse) of the counter. However, for the measurements presented in
the next chapters the maximum frequency measured was lower than 7
MHz, limiting the error of the measured Doppler frequency to less
than 1%.
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Phase measurement

The phase measurement is more sensitive than the frequency to
signal-to-noise ratio and the amplitude of the signal as shown by
Hardalupas et al (1986). The accuracy of the measurement of Doppler
frequency also influences the accuracy of phase measurement, Doppler
frequency can be measured more accurately at lower than at higher
frequencies. Also, large phase shifts will be measured more accurately
than small, because the +1 pulse of a 500 MHz clock error, which
exists also for the phase measurement becomes relatively larger when
the phase shift decreases. As an example here the error of a phase
shift between two Doppler signals of 10° when the Doppler frequency
is 2.5 MHz is estimated. The period of a 2.5 MHz signal is 400 ns, so
200 clock pulses of a 500 MHz clock, and 10° phase shift at this case
is around 6 clock pulses. This implies that the uncertainty of + 1
clock pulses on the phase measurement is translated to a phase error
of around 15%.

Figure 2.47 shows constant percentage of phase shift error as a
function of phase shift and Doppler frequency due to the *1 pulse of a
500 MHz clock uncertainty of the counter. The line corresponds to
12.5% error on the phase measurement. The area above the 'ine
corresponds to phase measurements with less percentage error. ..ais
uncertainty is one of the reasons of using phase shifts up to around 40°
for the measurements of seeding particles and ratio validation relaxed
to 1. £ 0.3 in this region. The Doppler frequencies including
frequency shift, measured during the experiments described later,
were always smaller than 7 MHz, so for phase shifts larger than around
40°, the error of the phase measurement was always smaller than
10%.

Although the phase difference between signals is independent
of amplitude, the circuits which measured the phase difference had a
small sensitivity to inequalities in signal amplitude. This effect is
explained and quantified in Appendix 2.C, and can lead to wider phase
distributions, especially for seeding particles which give small
amplitude Doppler signals. This error source can be reduced by the
use of logarithmic amplifiers, although this is not straightforward
since phase matching is required and would involve some
development effort which was not available here.
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The dynamic range of the photomultipliers is a matter of
concern and photomultiplier saturation may be a problem. However,
the visibility of signals at off-axis positions and for practical apertures
is close to unity over a wide size range and this delays the occurence
of saturation of the photodetectors to higher size ranges.
Photodetectors' specifications indicate a possible dynamic range in
amplitude of 1000 : 1, which, assuming that the amplitude of the
pedestal of the Doppler signal increases with the particle diameter
squared, is translated to a size dynamic range of 35 : 1.

2.7 Particle flux and number density measurement

The measurement of particle flux and particle number density
locally in a flow is important for two phase flows and is examined here.
The method to be described here is not specific for the phase-Doppler
technique and can be used with any sizing technique based on a laser
Doppler system.

Flux is defined as the number of Doppler signals per second per
unit area and number density is defined as the number of Doppler
signals per m?3 and the primary quantities required, namely the time
between measurements and the number of mesurements, are easily
measured. Finally the size of the control volume can be calculated, so
particle flux and number density can be measured. However, there are
two effects in practice which complicate the above approach. The
first is the Gaussian distribution of the light in the incident beams and
the second is the depth of field due to particles randomly attenuating
the incident beams and the scattered light.

The calculated dimensions of the control volume of the
anemometer are at e 2 intensity level. However, the effective size of
the probe volume is determined by the electronic threshold level and
the amplitude of the Doppler signal which is proportional to the
particle diameter squared. The Gaussian distribution of the light in
the incident beams in combination with the electronic threshold level
and the larger amplitude signals from large particles makes the
effective size of the probe volume to increase with particle size.

Another implication of depth of field considered here concerns
the accuracy of measurements of particle flux and number density in
the presence of flow turbidity. It is a matter of observation that the
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time taken to collect a given number of Doppler signals increases with
increasing turbidity. In other words, the estimate of particle flux
measured by a laser Doppler anemometer is closer to the truth at
small than at large depth of field.

There is a number of ways to correct the results for the above
effects. One strategy is to compensate for the variable attenuation of
the signal by increasing the electronic amplification so that the signal
strength of a given particle size is constant across a profile. This can
be accomplished, for example, by measuring the particle size using the
phase-Doppler technique and monitoring signal strength of the
selected diameter on a transient recorder. This implies the use of the
transient recorder, which makes the measurements time consuming
and more complicated because the system has to be calibrated for
each measurement (Saffman et al, 1984, Hardalupas et al, 1986).

Another strategy is to measure on-line the effective size of the
probe volume of the anemometer for each size class. This method was
suggested by Saffman (1987), Bachalo et al (1988), and extended to
include the effect of frequency shift by Hardalupas and Taylor (1989).
It can be achieved by using the interference fringes to provide an
absolute length scale in the probe volume (figure 2.48), from which
the size of the probe volume can be measured as a function of particle
size. Hence a processor which can count the number of cycles in each
Doppler burst and relate it to particle size gives the desired
information. The analysis for this calculation can be found in Appendix
2.D and the theoretical curve showing the change of the cross
sectional area of the probe volume as a function of particle size can be
seen in figure 2.49.

This analysis depends on the particle trajectories being normal
to the scattering fringes and, since this is not true generally, errors
are inevitable with a one component measuring system. The advantage
of the on-line measurement of the size of the probe volume is that
corrects the measurements even for the effect of depth of field, so
absolute measurements of flux and number density are possible for the
phase-Doppler instrument, which can also size particles
independently of the depth of field.
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a) Particle flux

The instrument at the end of each measurement produces a
size distribution, which is influenced by the change of the size of the
probe volume. However, the laser Doppler measures the area of the
probe volume normal to the direction of the velocity for each size class
and the size distribution can be corrected by dividing the number of
particles in each size class with the corresponding area of the control
volume. So the particle flux is :

3
n 1 o4

where T, is the total sampling time after subtracting the dead time,

mentioned above, n, is the measured number of particles in the size

class "i" with diameters between d; and d, + dd and A(d)) is the
effective area of the sampling volume of the anemometer for the size
class "i" (equation (D.4)). In equation (2.38) the diameter of each size
class is cubed, so the particle flux is strongly dependent on the larger
particles of the size distribution, so even a small overestimation of the
number of larger particles can result in large errors of the flux.

b) Particle number density

Let C(d) represent the time average of particle number density

"ett

(number of particles per m3) of size class "i", which includes
diameters between di and d1 + 6d. If the instrument measures n

particles in this class over a sampling time, T, then Saffman (1987)

and Bachalo et al (1986) propose that, for one-dimensional flow
normal to the fringes :

ni
0T AQ) T,

c(dy = (2.39)

where Ul is the magnitude of the time-mean velocity of particles in
size class "i" and A(di) is the effective cross-sectional area (mz) of the

probe volume of the anemometer normal to the flow for the size class
"i". Equation (2.39) entails neglection of <c'u'>, the time-averaged
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cross-correlation between the fluctuating components of velocity and
particle concentration and may be a justifiable approximation in some
flows (Shih and Lumley, 1986). The time-mean velocity can be found
from either the arithmetic mean of the sample in the class or by using
the correction for "velocity biassing"” proposed by McLaughlin &
Tiederman (1973)

y
iTxiu,

U (2.40)

The major qualitative disadvantage of the definition of C(d) in

equation (2.39) is that as lUil - 0, C(di) — oo, There is no reason why
C(d,) should become indefinitely large near, say, the stagnation point

of a recirculation zone and this suggests that equation (2.39), though
plausible, has restricted application.
An alternative definition of particle number density (Capp,

1983; Buchhave et al, 1979, who suggest it for measurement of
Zt)

seeding concentration) is based on the measurement of _"I\Li‘ the
S

sum of residence times of particles in size class "i", (2 t_ ), expressed
as a proportion of the sampling time, T_. This definition is similar to

the phase indicator function used by Aliod and Dopazo (1987) in the
modelling of two-phase flows. By definition of a single particle
counting instrument, this quotient is less than unity. The expression
for particle number density is

>t
( “)‘] 1 (2.41)

Cldy =1—7 V(d)

S

where V(di) is the effective volume of the intersection region of the

beams of the anemometer, as defined in equation (E.5) of Appendix
2.E. V(d) is closely related to A(d) and is known either from analysis
or the "on-line" measurement discussed in appendix 2.D. Equation
(2.41) has a qualitatively different basis from equation (2.39) and states
that the particle number density is the percentage of time that

particle class "i" exists inside the effective volume of the instrument.
The advantage of C(d) as defined by equation (2.41) is that it remains

a positive definite quantity even when U, = 0, in contrast to equation
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(2.39). A subsidiary advantage is that it is not necessary to measure
the particle velocity vector to measure C(d,), although it may be

advantageous to have a multi-component anemometer to find an
accurate measurement of A(di) (Saffman, 1987). Instrumentation to
measure ('cn)i must be included in the anemometer and already exists

in some commercial Doppler zero-crossing counters. The number
density depends on the smaller particles, which have large population.
It is difficult to identify the smaller particles, which are often involved
in multiple particle occurences in the probe volume of dense two
phase flows and can lead in measurement errors.

2.8 Conclusions

The theory of the phase-Doppler anemometer was verified
experimentally by mounting glass beads on an optical flat and it has
been established that the technique can be used for sizing spherical
particles larger than 10 pm while a special optical arrangement is
needed to size particles smaller than 10 um, when sizing of larger
particles is not required at the same time. The main parameters
influencing the size range of the technique for one optical setting are :
the beam intersection angle, the collection angle, the angular spacing
between the different photodetectors used and, in some cases, the
refractive index. All the above parameters have been examined and
their influences established.

The influence of depth of field has been examined
experiméntally and found to be unimportant, in contrast to results for
amplitude- and visibility- based instruments. The technique is
applicable to liquid sprays, because droplets are spherical and have no
surface imperfections. Its application to solid particles, and especially
spherical glass beads, has been examined experimentally and its
accuracy quantified.

A method for the "on-line" measurement of the effective size of
the cross-sectional area of the control volume has been described and,
as a result, a new method for the measurement of particle number
density has been suggested.

Finally, an optical and electronic design of an instrument based
on the phase-Doppler principle was suggested and certain validation
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procedures to ensure correct measurement of velocity and size were
described.

The main characteristics of the technique may be summarised
as follows:
* Simultaneous size, velocity, flux and number density measurements
of spherical particles are possible.
* The sizing calibration curve is linear with uniform sensitivity for
particles with diameter larger than around 10 um.
* High spatial resolution (sampling volume much less than 1 mm?3).
* Measurements at high number density flows (up to 1012
particles/m3) can be performed with off-axis collection of scattered
light, which limits the size of the probe volume.
* Beam attenuation, due for example to depth of field interaction,
does not affect the measurements.
* A wide size range (of the order of hundreds of pm) can easily be
achieved from suitable optical arrangements.
* The technique is an extension of the laser Doppler anemometry
and can be added to an existing laser Doppler anemometer.
* Depending on the part of the scattered light used for the sizing
information, measurements independent of the refractive index can be
performed. The influence of the refractive index change is small
(10% sizing error for 7% change of refractive index) for non-absorbing
particles.
* The measurements of the phase-Doppler anemometer can be used
to distinguish between gas (seeding) and particle velocity
characteristics; however, careful checks should be performed before
using the technique for such applications. It was found here a 7%
cross talk from monodispersed glass beads on the velocity
characteristics of seeding particles.
* It can be used with large off-axis forward-scatter collection angles,
with sidescatter collection when large possible size range is required
and the backscatter application although it seems possible needs more
research.
* An integrated collection optical unit can be used, which makes the
alignment of the system easy.
* A zero-crossing counter can be used for signal processing, with
large data rate which make flux measurement possible.
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* Three photodetectors and appropriate validation checks are
needed to ensure that no sizing error can occur.
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TABLE 2.1

Principal characteristics of the phase-Doppler anemometer

used for the depth of field experiment

5 mW He-Ne laser wavelength
Focal length of the lenses
imaging lens
light-collecting lens
Beam diameter, at e’2 intensity, of laser
Measured half-angle of intersection
Fringe spacing
Calculated dimensions of measuring volume:
minor axis to e2 intensity

major axis to e intensity

Calculated number of fringes within
e2 intensity level

Collection aperture

Pinhole diameter

632.8 nm
300 mm
300 mm
0.65 mm
5.9 degr.
3.08 pum

0.10 mm

0.91 mm

31

50X 5 mm

0.48 mm
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TABLE 2.2

Principal characteristics of scattering particles used for the
depth of field experiment.

size particle density refractive

range material index
Coem kg

14-40 lead 2950 1.6

glass

40-75 perspex 1190 1.49

90-105 perspex 1190 1.49

150-212 perspex 1190 1.49

300-425 perspex 1190 1.49

600-800 perspex 1190 1.49
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TABLE 2.3

Comparison of random errors due to depth of field in sizing
using phase-Doppler and visibility

Interrupting Void Phase Visibility
particle size fraction Doppler

e (%) % e
300-425 0.14 3.1 31
90-105 0.040 2.4 7
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TABLE 2.4

Principal characteristics of the phase-Doppler instrument

used for the accelerating nozzle experiment

Laser power (nominal)
wavelength

Beam crossing half-angle
Frequency shift
Receiving optics axis

Distance of receiving lens
from mesurement volume

f-number of lens
Magnification of lens
Separation of pmt apertures

Aperture dimensions

0.7 W
514.5 nm
5.7 degr.
1.93 MHz

30° relative to forward scatter

600 mm
6.3

2

25 min

50X 5 mm
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APPENDIX 2.A

Expressions for the amplitude functions of the scattered light from a
sphere illuminated from a single beam

Glantschnig & Chen (1982) obtained the following expressions
for the amplitude functions of the scattered light from a sphere
illuminated from a single beam. The amplitude functions describing
the rays reflected from the external surface of the sphere are :

6 9
sing m? cos

0
Sl(l) (x,m,0) = exp(1 +2xsin-2—]) (A.1)
) / 0
sm2+ m c:0522

m sm2 m -CO0S

52(1) (x,m,0) =x exp(l(2 +2xsm2)) (A.2)
X / G
m sm§+ —cosz—

where superscript 1 denotes the interface p=0 surface reflection and
subscripts 1 and 2 represent the perpendicular and the parallel
polarisations respectively. The amplitude functions for the rays
emerging after refraction through the sphere are :

mf"o

0
1+m2-2mcos§

81(2) (x,m,0) = x (1- ( — )2)

6 6 0
mzsin§(mcos§- 1) (m-cos-z-)

0
exp(i(%E - 2x'\[1 +m2—2mcos§) )

2sin6( 1+m2-2mcos§)2

(A.3)

0
(1+m2)cos§-2m
$,® x,m,0) = x (1-( -
(mz-l)cos§
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0 0 0
mzsing(mcos? 1)(m-cos§)

0
exp(i(gz—ft - 2x\ﬁ+m2-2mcos§) )
2sinf( 1+rn2-2mcos§)2

(A.4)

where superscript 2 implies the p=1 refraction and subscripts 1 and 2
imply the polarisation direction.
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APPENDIX 2.B

Expressions for the geometrical parameters of the scattered light
theory

The relationships for the geometrical parameters of figure 2.3
are given below. The equations were derived using spherical

trigonometry. In all the equations subscript j = 1, 2 and refers to the
beam examined.

cos(l)j = cosE,,j cosy; (B.1)

siny.
cosy, = ——i. (B.2)
J smej

sin
sing, = ——r (B.3)
J smej

The calculations are performed using as a reference polar
coordinate system, located on the bisector of the two beams and our
reference angles are defined for this coordinate system as y, £&. The
angles for each beam are given by :

F:l:E.o"'q) € -

8|
A
N
[

¢
bl (B.4)

Yi=Y, 7Y (B.5)
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APPENDIX 2.C

Influence of Doppler signal amplitude on the phase measurement in a
zero crossing counter with finite threshold levels

We assume that at two different channels of the counter we have
signals with amplitude A and B, as is shown at the figure below. Both
signals are drawn on the same reference system and, for
simplification, only one period T is shown. The low threshold of the

counter which is used for the zero-crossing detection is not exactly at
the zero volt level, but at a level V.. The threshold identifies a zero

crossing at signal A at time t, and at signal B at time tgz. The
difference between t, and tg, 8t, is going to be expressed as a function

of the amplitudes of each signal and the Doppler period T.
Both signals can be expressed as sinusoidal waves :

vV, = A sinot and V2 = B sinwt (C.1)

where ® is the angular frequency of the Doppler signal and o = 2rn/T.
Then we can express the derivatives of equations (C.1) as :

dV1 de
T A o coswt and —at = B » coswt (C.2)

At the beginning of the signal we can assume that :

dv Y%
dt = St (C.3)

dv . B o coswt A o cosot . _
soSt:tB-tA=(—cY/8V)1=( A -1 - ( A )-1 and hence

wcoswt. ; A-B

St=(—v_ ) 5B

(C.4)

At t = 0, equation (C.4) becomes after substituting o with 2=/T :
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& Vr A-B

T % A8 (c.5)

Typically, the level of the threshold, V., is = A/20. Using this
assumption equation (C.5) becomes :

ot 1 A
T =2z20 (B~ V (C.6)

For the extreme case that the ratio of the amplitudes of the two
signals, % , is 5, equation (C.6) shows that a false phase shift is
introduced between the two signals, due to finite threshold of the

zero-crossing counter, of approximately 11° and is independent of the
Doppler frequency.
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APPENDIX 2.D

On-line calculation of effective size of measuring volume of a laser
Doppler anemometer with frequency shift

The effective area of the measuring volume, A(d,), for one -

dimensional flow normal to the fringes, is
Ald) =2. zy, - Y(d) max (D.1)

where z, is the known length of the image of the spatial filter (slit)

incorporated in the receiving optics and y(d)) is the, as yet

max
unknown, maximum cross-stream displacement from the centre of

the measurement volume of the anemometer for which a measurable
signal can be obtained. Saffman (1987) shows that y(d) can be

max
related to the number of zero-crossings existing in a Doppler burst
measured by a laser- Doppler anemometer and presents an analysis for
an anemometer, but in the absence of frequency shifting. Saffman's
analysis is therefore here extended to establish whether the effect of
frequency shifting on the magnitude of y(d)_ ... and hence A(d), is
large.

The object of the analysis is to replace the unknown in equation
(D.1), y(d)pnax PY @ function based on the length of the intersection

volume in the streamwise direction, x(d;). This length is chosen
because it is a function of the size class, d;, and is easily measured by a
zero-crossing counter from the total number of fringes detected in a
burst above the trigger level voltage, V... The starting point of the
analysis is to note that y(d)), ., is defined partly by the existence of a
trigger level voltage and partly by the minimum number, N,, of zero

crossings required by the counter to validate a Doppler burst. These
constraints on y(d,) .. can be expressed as the following replacement

of equation (Saffman. 4),
1 Vo (d) x(d,)

Y d)max =75 by 0 Fy—1-2 —yf 12 D2

which now takes account of frequency shifting. Here by is the
Gaussian waist diameter at the intersection region, V_ (d,) is the
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maximum amplitude at the centre of the Doppler burst, N; is the
number of fringes inside the Gaussian waist and x(d)_ . is the

distance (um) over which the particle is detected in the x (flow)
direction, corresponding to the maximum trajectory displacement,
y(d) ., (figure 2.47). x(d) is smaller than it would have been in
the absence of frequency shifting and is given, in terms of known or
measurable quantities, by

min

N, f I U,(t) |
mn= g | Ui + U0 ] (D.3)

x(d)

where f is the fringe spacing (um), Uy, . is the linear velocity of the
moving fringes and U,(t) is the instantaneous flow velocity. Equation

(D.2) is inconvenient because neither Vi (d,) nor V. is measured by a

vV_ (d)
counter but the quotient ——mv—i-— can be expressed in terms of the
T
2

average of the square of all burst lengths, < x,“>, which is a directly

measurable quantity. Equation (D.1) is thus rewritten as

2
3 9 <x°>
Aldy) = ()12 2, by lcos’ 5 —3
y
N | UL |
(-0 2 1 i 1/2
Sl DIt s Tl (D.4)

replacing equation (Saffman. 9). Here 0 is the beam intersection
angle.
If Ny >> N,, then the term which accounts for frequency shifting

in equation (D.4) is negligible. Generally any sizing instrument based
on a laser-Doppler anemometer has a small beam intersection angle, 6,

in order to identify a wide sizing range and small beam waist diameter
at the measuring volume, by. to increase spatial resolution. Hence the

extreme condition that N; is just slightly larger than N is not as rare

as it is in conventional laser-Doppler anemometry.

The implications of equation (D.4) are shown in figure 2.48
which plots A(d) as a function of particle diameter with S = \f( | U, |

» Ugniet + Uy ) as the "shifting" parameter, where U, is the arithmetic
mean velocity of the d1 size class. This term replaces 2, \f( 1, n, ) \Mf{(
| Ui(t) I, UShift + Ui(t) ) for convenience and, in accordance with
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the arguments of the preceding paragraph, N, / N; is set at 8/10,
A(d) is calculated from equations (D.2) and (D.3), rather than (D.4),
for computational ease and it has been assumed that V_ = const d12'
The abscissa in figure 2.48 is normalised by d,, the size class for
which V_ =V, to facilitate comparison with Saffman (1987) and for
which A(d,) is zero. The area is a strong function of the particle

diameter, because of the square-law dependence of the signal
amplitude and hence, at a normalised diameter of 100, the cross-
sectional area for a slow moving particle, for which S = 0.032, is only
5% larger than for a fast moving particle, for which S =0.75. At the
smallest diameters, however, the correction to the cross-sectional
area for the slow moving particle is about 25% larger than that of the
fast particle.

The correction to the cross-sectional area of the instrument,
due to frequency shifting, is large at small diameters if Ny / Np = 1.
Qualitatively, the same will be true in two-dimensional flows and must

be added to the considerations, described by Saffman (1987), for

these flows. As a final comment, it is noted that the slit width, zp, in

equation (D.1) is assumed to be both known and independent of

particle size. Dodge et al. (1987) have suggested that both of these
statements are open to question and the resulting tolerance on A(di)

and V(d) should form the subject of future research.
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APPENDIX 2.E

Comparison between two methods suggested for particle number
density measurement

For completeness, it is demonstrated that there is a
relationship between equations (2.38) and (2.40), which are the two
definitions of particle number density, as follows. If the time-mean

velocity of size class "i" is evaluated as (e.g. Buchhave, George &
Lumley, 1979)

(Tt, 10,1}
Uy = =5, (E.1)

substituting equation (E.1) in (2.38) gives

o (Tt ©2
d) = TT¢ 70,1}, AQ) T, :

The average length of the measuring volume normal to the
fringes can be written as

(Tt 1U 1)

<X> = n, (E.3)

where the term in parenthesis in (E.3) is the total number of fringes

mnen

crossed by particles of class "i" during time T_. Substitution of

equation (E.3) in (E.2) gives

c(d (2t ) (E.4)
( i) <X> A(di) T '
and if
V(di) = A(di) <x;> (E.5)

equation (2.40) is recovered.
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Equation (E.5) is important, because it is the basis of the
calculation of the volume of the crossing region of the anemometer
beams.
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FIGURE 2.1 Phase shifted Doppler signals showing the phase shift
Tphase and the Doppler period T,

Scattering
81 Direction

Incident
Beam

FIGURE 2.2 The amplitude functions S, and 52 of the light scattered
by a sphere located in one beam according to the notation of Uan
de Hulst (1981); S1 is normal and S2 parallel to the scattering plane
defined by the incident beam and the scattering direction.
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REFERENCE
DIRECTION

FIGURE 2.3 Ray optics of a transparent sphere showing paths due to
surface reflection, refraction and first internal reflection.



EXTERNAL
REFLECTION

REFRACTION

1st INTERNAL
REFLECTION

2nd INTERNAL
REFLECTION

FIGURE 2.4(a) Diagram is after Van de Hulst (1981) showing the
scattering angle regions where paths due to surface reflection,
refraction and first internal reflection across a water droplet are

present.
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SCATTERING ANGLE (degrees)

30. 60. 90. 120. 150.

180.

e,82.8

138.0

e,165.6

r

128.7
e,111.g ‘

~80° ~110°

FIGURE 2.4(b) Classification of scattering angle into seven intervals
according to the combination of ray paths across a water droplet.

beam



115

FIGURE 2.5 Definitions of angles used in the theoretical analysis of
the light scattered by a sphere located in the crossing region of two
laser beams.



22 (c)

4X

Major circle passing
from P and perpendicular
to the plane of the beams

BEAM 2 BEAM 1
FIGURE 2.5(c) Definitions of angles used in the theoretical analysis of
the light scattered by a sphere located in the crossing region of two
laser beams.
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FIGURE 2.6 The physical meaning of the terms A and N of equation
(2.25) for a Doppler signal; A is the amplitude of the pedestal and N
is the modulation depth.



W) d,=40pm, ¢=10°, y=0° d, =40um, ¢=10°, y=30°

W ' d_ : particle diameter
'“o tOtal u’ : p
~-—-—refraction o ¢ : beam intersection angle
> >
.- P- IO‘ .
> > y : elevation angle
y 4 4
V8] (9]
- =
z z
" 1
" refr+refl * refr+retl
2 z
> »
z &
ad
Z z
"y ) o r 3 0 w3 ] ™ » ) »
ROTATION ANGLE (degr.) ROTATION ANGLE (degr.)

FIGURE 2.7 Intensity interference pattern of the light scattered by a 40 pm glass bead located in the
crossing region of two laser beams as a function of the rotation angle; (a) pattern due to interference
of surface reflection, refraction and diffraction (solid line) and due to refraction only (dashed line)
and (b) pattern due to surface reflection and refraction only, at the plane parallel to that of the
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FIGURE 2.8(a) Intensity of the scattered fringe pattern due to
refraction only (solid line) and due to surface reflection (dashed
line) showing the relative amplitude of the two patterns as a
function of particle diameter. Observation at a position with
elevation angle of 30° and rotation angle of 5.3°.
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FIGURE 2.8(b) Intensity of the scattered fringe pattern due to the

interference from refraction and surface reflection showing

increased oscillations around the mean value due to the refraction

only pattern when their relative amplitudes are similar.
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FIGURE 2.9 Refraction only interference fringe pattern scattered by

a 40 pm glass bead located in the probe volume of a LDA system with
beam intersection angle 10°,
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FIGURE 2.10(a) Oscillations in the calibration curve due to use of point
apertures for a mean scatter angle of 30°. Solid line is full geometrical
optics approximation and straight dashed line is the calibration curve
due to refracted light only. Abscissa is Mie size parameter and ordinate

is phase difference in radians.
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FIGURE 2.10(b) Reduction in the oscillations in figure 2.10(a) owing to

inclusion of finite aperture size, 0.95° X 9.5° in the calculations. Mie's
solution is the solid curve and full geometrical optics approximation is
the dashed line.
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FIGURE 2.11 Variation of phase (degrees) with water droplet
diameter (um) at a mean scatter angle of 100° showing comparison
between Mie's solution (solid line) and approximation based on
surface reflected light only (dashed line).

350*1
180
w ]
(V8]

Ll ]
[2 4 4
2 ]
e 0
w ]
m -
< ]
I ]
o 3
-180 4

~360 Frrrrrr—rrr Tt [T S Ty .

0 8 16 24 32 40

PARTICLE SIZE (MICRONS)

FIGURE 2.12 UDariation of phase (degrees) with water droplet
diameter (um) in the second rainbow, mean scatter angle of 120°,
showing comparison between Mie's solution (solid line) and
approxrimation based on surface reflected light only (dashed line).



122

PHASE (DEGREES)

PARTICLE SIZE (MICRONS)

FIGURE 2.13 Dariation of phase (degrees) with water droplet
diameter (um) between the second and the main rainbow angles,
mean scatter angle of 133°, showing comparison between Mie's
solution (solid line) and approximation based on surface reflected
light only (dashed line).
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FIGURE 2.14 Ray optics of a transparent sphere showing the two
branches of the first internal reflection. Bag'R'is the rainbow ray,
rays "A" after the ray'R'give rise to the branch of first internal
reflection after the rainbow and rays "B" before ray R give rise to
the branch of first internal reflection before the main rainbow
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FIGURE 2.15(a) Uariation of phase (degrees) with water droplet
diameter (um) within the main rainbow, mean scatter angle of 150°,
showing comparison between Mie's solution (solid line) and
geometrical optics approsimation (dashed line).
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(dashed line).
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FIGURE 2.16 Effect of beam intersection angle on the size resolution
of the phase-Doppler, expressed as the ratio of phase/particle
diameter. The figure shows a linear dependence between size
resolution and beam intersection angle up to 30 °; the detectors’
locations were at elevation angle of 30° and rotation angles of 5.3°
and 1°,
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FIGURE 2.17 Calibration curve for variation of phase difference between
Doppler signals observed at two points which are at an elevation angle
of 30° and rotation angles of 8° and 1° with the diameter of spherical
particles smaller than 10 um with refractive index 1.5 for incident
beams intersection angle 10°; (a) results for point aperture, (b) results
for finite apertures with height of 9.5° and width 1.1°. Solid line is

full geometrical optics approgimation and dashed line is refraction

only calculation.
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FIGURE 2.18 Sketch showing the effect of the Gaussian intensity
distribution of the incident beams on the relative amplitude of
the refracted and surface-reflected rays scattered by a sphere
crossing at the edge of the LDA probe volume. Ray "A" due to
surface reflection has larger amplitude than ray "B" due to
refraction.
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Figure 2.20 Effect of refractive indeX of non-absorbing spheres on
the phase-Doppler calibration curve; (a) calibration curves for
refractive indices 1.3 - 1.6, (b) variation of the phase-Doppler size
resolution as a function of refractive index showing that decreases
with refractive indeX increase. Size resolution is edpressed as the
ratio of phase/particle diameter. The beam intersection angle was
10°, the laser light wavelength 0.6328 pm and the detectors were
located at elevation angle of 30° and rotation angles of 5.3° and 1°.
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FIGURE 2.22 Experimental arrangement used for the verification
of the theoretical calibration curve.
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FIGURE 2.23 Comparison between experimental and theoretical
results for beam intersection angle of 11.3° and observation
locations of the detectors at elevation angle of 30° and rotation
angles of 3.5° and 1.9°,
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FIGURE 2.24 Experimental arrangement used for the depth of field
eHperiment.
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of field, paths by 40-75 um particles.
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at 0.05% void fraction.
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FIGURE 2.27(a) Calibration curve of phase-Doppler for droplets with
refractive index of 1.5 used for the accelerating nozzle experiment.
(Dz is curve for phase between central and an outer detector and
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FIGURE 2.27(b) Tolerance of +15% of the phase shift value applied on
the calibration curve of the system.
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FIGURE 2.28 (a) Refraction only and surface reflection only calibration
curves for accelerating nozzle experiment with two size resolution
levels. (b) Phase ratio for refraction and surface reflection curves as
a function of particle diameter showing that the expected ratio due
to surface reflection for a 40 pm bead is around 0.5 and due to
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nozzle, showing separation due to acceleration.
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FIGURE 2.31(a) Probability distribution of ratio of phases measured
on channels <D1 and ‘Dz (figure 2.27) for laser power of 300 ml
showing two peaks one at 0.5 which is due to surface reflection
measurements and one at 2. which is the expected value due to
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FIGURE 2.31(b) Probability distribution of ratio of phases of figure
2.31(a) after phase validation showing only one peak near the
expected value of 2.



138

0.08
0.06 -
>
=
=
m —
@ 004
o
0
0©
o 0.02 -
0.00 —r——
0 2 4 6 8 10

PHASE RATIOS

FIGURE 2.32 Probability distribution of ratio of phases measured on
channels P, and ®, (figure 2.27) before phase validation for laser
power of 60 mW showing smaller peak at 0.5 than in figure 2.31(a).
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FIGURE 2.33 Phase distribution of nominally 40 ym diameter bead
measured on channel (Dl (figure 2.27) by the prototype counter
150° = 10 pm.
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FIGURE 2.35 Graphical definitions of terms: area "R" 40 pm phase
window; area "B" 40 um velocity-window; F40 signifies the phase
corresponding to 40 pm; U40 is the velocity-window corresponding
to 40 um, taken from figure 2.30; and Ugmin and Ugmas are the
minimum and maximum velocities of the gaseous phase, also taken
from figure 2.30.
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FIGURE 2.36 Delocity probability distribution of signals in 40 pym
velocity window, area "A" of figure 2.35, showing small cross-talk
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FIGURE 2.38(a) Size distributions of atomised mineral oil seed
measured by Aerometrics instrument.
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FIGURE 2.38(b) Phase distributions of atomised mineral oil seed
measured by the prototype counter: 40° = 10 um.
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FIGURE 2.39(a) Size distributions of kaolin powder seed measured by
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FIGURE 2.39(b) Phase distributions of kaolin powder seed measured
by the prototype counter: 40° = 10 um.
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FIGURE 2.39(c) Phase distributions of titanium dioxide powder seed
measured by the prototype counter: 40° = 10 um.
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FIGURE 2.41 Schematic of a droplet in a laser beam showing the
angular width of droplet cwhich reflects light into the aperture
of a photomultiplier of angular width [3 Scales have been
eraggerated for clarity.
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FIGURE 2.43 Sketch of the probe volume of the phase-Doppler
showing the image of the spatial filter of the receiving optics; its
width limits the length of the probe volume and determines the
area of the measuring volume.



| ] LOW

win HIGH
ML wresHow

ARMING
] L GaTE

TIME OF FIVE
[ | PERIODS

1 9

I I TIME OF EIGHT
PERIODS
FIGURE 2.44 Amplitude and frequency validation timing diagram.

LY1



LOW THRESHOLD

4 0 =1 I - - I 4 L1 L1 1 CHANNEL 1
Ml e e e e r e ri LOW THRESHOLD
CHANNEL 2
DIVISION BY 2
- —r 1 r CHANNEL 1
DIVISION BY 2
— I L CHANNEL 2
[ LI LI 1 PHASE 1-2 PULSES

FIGURE 2.45 Phase measurement 1-2 timing diagram. The low threshold pulses of the channels are

generated only if the sequence between the high and low threshold of the amplitude validation of
figure 2.44 is correct.

8V 1



149

O Tol=0.015"N8, equ 2.36
O Tol/10=1, equ 2.37
A Tol/10=2, equ 2.37

tolerance (Efl

0 4 8 12 16
Doppler frequency (MHz)

FIGURE 2.46 Percentage of number of 500 MHz clock pulses of 8
Doppler periods tolerance & used for the frequency validation as a
function of the Doppler frequency. Constant (0.015) tolerance
(circles) and variable tolerance such that the difference between the
number of clock pulses of the Doppler period based on the
measurement of eight periods and that of five periods is 1 (square)
or 2 (triangle).
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frequency. Figure shows the 12.5% of the real phase shift
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FIGURE 2.48 Cross section of the probe volume of the phase-Doppler
anemometer showing the fringes, which can be used to provide a
length scale in the probe volume which can be used to measure
on-line its size as the fringe spacing f is known.
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FIGURE 2.49 Dependence of cross section of measuring volume of
phase-Doppler intersection region as a function of particle size with
the frequency shifting parameter,S = [ Iuil/(ushiftmi) J(appendixr
2.D). No/Nf =8/10.
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CHAPTER 3

AXISYMMETRIC TURBULENT PARTICLE-LADEN JET

3.1 Introduction

The work presented in this chapter describes experiments
with isothermal particle-laden jets. The phase Doppler instrument
described in the previous chapter was used to obtain measurements in
two-phase flow jets. Solid glass beads were used for the dispersed
phase and the behaviour of different sizes, 40, 80 and 200 um, is
examined. The exit mean Stokes number for these cases is less than
unity. For the 200 pm beads, the mean Stokes number remains less
than 0.1 along the centreline of the jet, suggesting unresponsive
particles; for the 80 pm beads, it remains less than 1 along the
centreline over the distance considered by the experiments; and for
the 40 pm beads, the mean Stokes number is approximately unity at a
distance x/d = 28 from the jet nozzle, which suggests response of the
particles to the large scale motion as they move downstream. The
influence of the mass loading on the particle flow characteristics is
examined and the effect on the fluid flow field due the 80 um particles
is measured and suggests a "two way" interaction between the
particles and the fluid as the mass loading increases.

The following section describes the flow arrangement, the
characteristics of the particles and the optical arrangement of the
phase Doppler instrument. In addition, an estimate of the errors
involved in the sizing and the velocity measurements is given. Section
3.3 presents the experimental results in four sub-sections. The first
three sub-sections report the results in the following order; velocity
and flux characteristics of the 200 um particles, velocity and flux
characteristics of the 40 pm beads and gas measurements in the
presence of the 80 pm beads as well as the characteristics of the 80
um particles. In all cases the single phase jet is reported. The fourth
sub-section provides balances of the mass and momentum fluxes of the
two phase flow jet. Section 3.4 compares the present results with
those of previous experiments. The results are discussed in section
3.5 and a "fan spreading model" is suggested to explain the dispersion
of the beads. Finally, section 3.6 summarises the main conclusions.
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In the following text, the terms "beads" and "particles" are
reserved for the glass beads (subscript b) and "seed" or "seeding" for
the seeding material. The term "single phase" refers to the jet flow
without any beads added (subscript s) and "gas" or "fluid" flow to the
motion of the air in the presence of the beads (subscript f). It is
expected that the velocities measured in the single phase jet to be a
good approximation to the gas flow at low volume fractions of the
beads and therefore frequently use the single phase as a reference.
"Mass loading" is defined as the ratio of the mass flow rate of particles
to the mass flow rate of gas within the jet nozzle.

3.2 Materials and methods
a) Jet flow, bead feed and recovery

Figure 3.1 shows thée jet configuration together with the
arrangements for metering the air flow rate to the jet and for
supplying and recovering the beads. The jet exhausted vertically
downwards towards a collection hopper placed 50 jet diameters from
the jet exit; it had an exit Reynolds number of 13 000, corresponding
to a bulk velocity of 13.2 m s1. The air to the jet came from a central
compressor and a pressure regulator kept this flow constant and
independent of fluctuations in the supply pressure. The air was
divided and metered by rotameters to provide pneumatic transport for
the glass beads and for the seeding tracer for the phase-Doppler
anemometer. The two streams were recombined upstream of a
smooth contraction with 11.1 : 1 area contraction and subsequently
developed in a 15 mm diameter precision bore stainless steel tube for
100 diameters before exhausting into ambient air. The rotameters
operated at a gauge pressure between 0.1 and 0.3 atmospheres and
the flow rates were corrected to N.T.P. from calibration charts
provided by the manufacturer.

The glass beads were metered by a screw feeder which was
driven by a variable speed motor through a reduction gearbox : the
stock of beads was drawn from a hopper and this was vibrated at 50 Hz
to prevent the bridging of particles at the entrance to the barrel of the
screw. The vibrator also evened out the particle flow rate since the
screw rotated at speeds between 0.33 and 10 Hz and gave rise to
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fluctuations in the delivery. As noted by Starner and Bilger (1981),
this unsteadiness does not influence the particle velocity
characteristics because they are uncorrelated with the fluctuations in
particle feed rate. The flow rate of the beads as a function of the
motor speed was found by weighting the output over a fixed time
interval. The motor, screw feeder and hopper resided within a box
maintained at the same pressure as the duct upstream of the
contraction (see figure 3.1). As a consequence the screw feeder
calibration, which had been obtained at atmospheric pressure,
remained valid because there were no differential pressures across any
part of the screw feeder. Note that, to minimise any disturbance of
the operating conditions, the air flow rate through this box (1 dmss_l)
was maintained even when no beads were added to the jet.

The flow was seeded with a variety of refractory powders (e.g.
kaolin, titanium dioxide), all of which were nominally micron-sized
before agglomeration. The refractory powders were dispensed initially
from a modified form of a spark-discharge generator (Altgeld et al.,
1980) but this was replaced by a reverse cyclone feeder (Glass &
Kennedy, 1977). The former method had the disadvantages that a
relatively small fraction of the air flow could be seeded and that the
electrodes had to be wiped clean at regular intervals. The reverse-
cyclone arrangement permitted a greater fraction of the air passing
through the nozzle exit to be seeded, at a higher concentration and
without deterioration of performance. The flow rate through the
reverse-cyclone was maintained at around 1.4 dmss_l, even when
seeding powder was not introduced in the flow, by using a second
reverse-cyclone which had no seed inside it. This was done¢ .n order
to keep the pressure drop through the system constant, when the
beads flow characteristics were measured and seeding was not
introduced in the flow. The seeded air flow was directed against the
falling beads to promote the radial dispersion of the beads, as shown
in figure 3.1, before arriving at the contraction.

The beads and seeded air were discharged into the laboratory
with the discharge protected from draughts by curtains. The flow was
captured by a collection hopper that was placed on the inlet of a large
fan to provide a suction flow. The particles were recovered by passing
this induced flow through a cyclone and collecting them in a bin at the
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base of the cyclone. This bin was periodically emptied and the
particles were returned to the hopper of the screwfeeder.

b) Glass beads

The beads had the properties quoted in table 3.1. The bead size
ranges of 37-44, 60-95 and 165-255 pm will be refered to in the rest
of the text as 40, 80 and 200 pm for convenience. The nominally 40
pum range represents the smallest narrow-sized range which could be
found at acceptable cost; it provided an exit mean Stokes number
which allowed the particles to follow the development of the mean
motion of the jet with some fidelity. In this size range the particles
are strongly hygroscopic and the factory-optional coating of a
molecular film of silicone material is vital to prevent agglomeration
due to atmospheric humidity. The size ranges quoted by the
manufacturers are based on the cumulative volume of beads, however,
and it is more relevant to examine the size range in terms of the
number-frequency distribution since the phase-Doppler anemometer
records a particle flux based on the latter. The distributions of the
beads were measured by a Coulter Counter (model ZM; Coulter
Electronics) and figure 3.2 shows the volume and number distribution
of the 40 um glass beads. The size distribution is continuous down to
at least 6 pm and thus the size distribution seen by the phase-Doppler
anemometer is continuous from between about 1 pym and 44 pm.

Figures 3.3 and 3.4 (a) and (b) show the volume and the number
distributions of the 80 and 200 pum beads used in the experiment,
where the number distributions reveal the existence of a large number
of particles smaller than the nominal diameter, especially for the 200
pm beads. For example, figure 3.4(b) shows that the number of beads
with mean diameter around 200 pm is much smaller than the number
of smaller sizes existing in the batch. Figure 3.3(c) shows the effect of
half year use on the number distribution of the 80 pm glass beads.
The number of the smaller particles has been increased, partly
because of the mixing of the particles with the seeding powder and
partly because some of them break as they pass through the collection
cyclone. However, there are still in the distribution a lot of large
particles, which proves that most of them do not break in the cyclone.
Similar effects of long use were found with other bead sizes. As it is



155

shown below, the continuous distribution here has implications for the
interpretation of the results for the solid particles.

The sphericity of the glass beads was examined by light- and
scanning electron- microscopy. Figure 3.5 is a photograph, at a
magnification of about 200, of glass beads (nominal diameter 40 um)
which have been in continuous use for about one year. Some of the
particles are spherical, but there are many irregular objects. Also,
observation with a scanning electron microscope at larger
magnification of single particles with 40 pm nominal diameter showed
that the surface of the otherwise spherical glass bead is scratched and
pitted. The number count and the asphericity of the particles has been
quantified by an image analysis system attached to a light microscope
(Leitz "Autoscope P",; E. Leitz Wetzlar GmbH), where asphericity is
quantified through a shape factor defined as

4n*(particle projected surface area)/(perimeter)2

where unity corresponds to a circle. In a given batch of nominally 40
um glass beads, there were about 60% more particles which had a
shape factor of between 0.8 to 0.9 than there were "spherical”
particles, defined as having shape factor between 0.9 and 1.0; and
there were 43% more with an elongation factor of between 5 and 50.
These results show that there are more aspherical than spherical
particles and it is unlikely that the large number of aspherical
particles is peculiar to this size range. Similar analysis of nominally
200 um glass beads (Jencons (Scientific) Ltd.) showed that there were
3.56 times as many particles with amorphous shape (factor between O.
and 0.2) as there were "spherical" beads. Similar observations were
made by Mostafa et al (1987) for the glass beads used for their
experiment. As described in the experiments of the previous chapter,
and shown below, the asphericity and the surface roughness of the
glass beads has implications for the measurement of the gas phase in
the presence of the glass beads.



156

c) Phase-Doppler anemometer

Optical arrangement

The characteristics of the transmitting optics are given in the
top portion of table 3.2 : a high power laser was used to give adequate
signal-to-noise ratio for the seeding powder and frequency shifting
was provided by the rotation of a radial diffraction grating.
Measurements of the radial mean and r.m.s. velocities, and of the

cross-correlation uv, were made by taking readings of the mean and
variance of the Doppler frequency at 0° and * 45° to the jet axis, using
the approach outlined by Melling and Whitelaw (1975).

The modular receiving optical unit, shown schematically in
figure 3.6, was mounted on an optical bench with the transmitting
optics and radial and vertical profiles of velocity and flux were
measured by moving the optical bench on a three-axis translation
stage. The receiving optics were placed at 30° to the forward scatter
direction both to reduce the contribution of the diffracted light to the
total scattered light to negligible levels (Hardalupas, 1986) and to
reduce the effective size of the measurement volume (Bachalo, 1980).
The latter consideration is important because the phase-Doppler
instrument is a "single particle" counter and, at the highest volume
fractions of the 40 pm beads, the probability of observing more than
one particle in the volume formed by the intersection of the two laser
beams becomes unacceptably large. This is so both because of the
many particles smaller than 37 pym which are present in the size
distribution and because the effective volume over which a measurable
signal from an approximately 40 um bead is visible is much larger than
for a 1 um seed.

The principal characteristics of the receiving optics are given in
lower poi'tion of table 3.2, together with the effective length (200 pm)
of the measuring volume as seen by the collection optics. The
reduction from the length of the beam intersection volume of 1.13
mm, quoted earlier in the table, is due to observation of the
intersection of the laser beams at 30° from the forward scatter
direction with a 100 pm slit.
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Electronic arrangement

The outputs of the photomultipliers were high-pass filtered by
three phase-matched passive filters at 1 MHz. The filtered signals
were passed to the zero-crossing counter, based on a 500 MHz clock,
described in chapter 2. No amplifiers were used in order to avoid
phase shifts introduced between the channels due to the electronics.

The particle size was related to the measured phase difference
by the calibration curve of figure 3.7, which was calculated on the basis
of the theory described in chapter 2. The required quantities are the
laser light wavelength, the beam intersection angle, the refractive
index of the beads, the receiving optics angle and the aperture
separation on the receiving optics module (table 3.2). As explained in
chapter 2, signals with phase shifts in the interval 0° - 40° were
accepted as being generated mainly from the seeding powder.

d) Uncertainties in the measurement of the gas in the presence of the
dispersed phase.

Table 3.3 provides estimates of the uncertainties in positioning
the anemometer, in the measurement of the air and bead flow rates by
rotameters and screw feeder respectively and of the velocity
characteristics of each phase. There was no uncertainty involved in
discriminating between the velocity characteristics of the beads and
those from the gas phase, even though about 25 % of the beads fell
below the nominal size range on a number-count basis, because signals
from the under-size beads can be successfully discarded by a
combination of reducing the sensitivity of the receiving optics and
accepting phase-measurements corresponding to the nominal size
range (Hardalupas et al., 1988). Thus the estimation of the tolerance
on the measurement of the velocity characteristics of both the beads -
and of the single phase jet - is straightforward and is based on the
specification of the anemometer, of the electronics for processing the
signal (e. g. resolution of the crystal frequency in the counter) and on
the size of the sample used to estimate the moments of the
distributions. The largest contributor to the random error was due to
the population size of the data. Typically, estimates of the axial mean
and r.m.s. of velocity of the beads were based on about 3000 total
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measurements, which result in (Yanta & Smith, 1978) errors of 1 %
and 3 % respectively.

The major source of error in the measurement of gas phase
velocities in the presence of solid, nominally spherical beads is that, as
shown in chapter 2, some larger bead sizes will be erroneously
identified as seeding because of the presence of non-spherical beads
in any batch. It is argued in chapter 2 that any measurement of bead
size which is based on the observation of light reflected or refracted by
the bead is subject to this error, irrespective of whether the
measurement is of the amplitude, visibility or phase of the Doppler
signal. The proportion of beads having an aerodynamic diameter
larger than 5 um, but an optically measured diameter below 5 um, was
found to be about 7 % of all the beads with an aerodynamic diameter
between 35 and 45 um beads and this figure is taken as representative
of the three bead sizes considered in this experiment. The following
paragraph examines the relative fluxes of the beads and of the seed to
establish the importance of this "cross-talk" between the phases and
describes the strategy used to reduce the effect of cross-talk in the gas
phase measurements.

In these experiments, the phase-difference range for the
seeding was of the order of 40° between the channels and entailed a
rejection of about 50% of the total signals from the seeding powder,
because the remainder lie outside this range. The high rejection ratio
of signals from seeding is inevitable because of the use of aspherical
seed. The ratio of the flux of seed to that of the beads is small for two
additional reasons. The first is that the low-amplitude seed signal had
to satisfy the "amplitude validation" level simultaneously on three
separate input channels on the counter; when the same counter is
operated on only one channel for straigthforward laser-Doppler
anemometry, the data rate was almost an order of magnitude greater.
A contributory factor to the low data rate when the counter is used for
phase-Doppler measurements may also be the comparatively small
number of fringes within the 1/ e? levels of the measurement volume
(table 3.2). The second is that the effective cross-sectional area of the
measuring volume is larger for the beads than for the seed. The
implication of the preceding statements is that the moments of the
probability distribution of velocity of signals in the 40° phase
difference range may be biassed towards those of the beads and the
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error cannot be readily identified as having occurred since it modifies
the mean gas velocity, qualitatively at least, in the same manner as the
expected effect of increasing the mass loading of the beads.

The velocity characteristics of the gas phase were recovered by
using a correction procedure which involves subtracting the measured
probability distribution of bead velocity from the "contaminated"
distribution in the 40° phase-shift range assigned for seeding and is

described below :
i) measure the velocity probability distribution, p(U

+ 3D

large)’ of the

beads within a phase-shift range © which corresponds to

large large’

the size of dispersed phase of interest and at a sensitivity of the
receiving optics which permits only the beads to contribute to the

velocity distribution.

ii) measure the probability distribution, p(U of the

small)’

seeding powder within a phase-shift interval, & ., +8d__ ..

corresponding to small particles and seed, say less than 10 pm.
Simultaneously, measure the flux, Glarge , of the large beads in the

phase-shift range (Dlarge * Sd)large. Hence, estimate the cross-talk flux,
G using G, = 0.07 G

described in chapter 2.

in the phase-shift range @, + 80

small’ large as

)"‘—GL to give
large Glar ge

), the estimate of the velocity probability distribution of the gas

iii) correct p(Ug.,) by subtracting p(U

PUgss
phase.

Typically, at a mass loading of 86 %, 3000 signals from 80 pm
beads were measured during the time taken to collect 1000 signals in
the phase shift range assigned to seeding. If there is 7 % cross-talk
(as suggested in chapter 2) this implies that about 210 signals of the
1000 were not due to seeding and must be removed by a correction
procedure.

The error in the corrected gas phase velocity distribution is
smaller when 80 um, rather than 40 pm, beads are used for two
reasons. The first is that the flux of the 80 um beads is smaller by a
factor of (80/4:0)3 for a given mass loading of beads and hence the
relative importance of cross-talk into the seed phase-shift range is
smaller by almost one order of magnitude. Secondly, as shown by the
measurements in section 3.3, the mean velocity of the 80 pm beads is
larger than that of the 40 um beads, because the inertia of the 80 pm
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beads is greater than that of the 40 pm beads by (80/40)2. The
probability distributions of velocity of the gas and beads within the 40°
seeding phase interval are, therefore, at least partly distinguishable by
inspection and thus subtraction of the bead velocity distribution can be
supplemented by inspection and "on-line" filtering of the corrected
velocity probability distributions of the gas phase. It is worth noting
that the velocity difference between the two phases cannot be used to
separate the phases successfully without the phase of the signals

because the flux of the beads would swamp that of the gas phase. It is
estimated that the uncertainties in U; and u', from the likely

uncertainty in G, are about 3 - 4 % and 5 - 10 % of the quoted values

respectively.

The accuracy of the measurement of the gas phase in the
presence of the beads increases with the diameter of the beads. The
choice of 80 um beads, rather than larger size, is a compromise
between ease of measurement, having good sizing resolution and the
desire to keep the exit Stokes number as high as possible, so that the
beads are responsive to the motion of the gas phase. Another factor is
that a maximum bead diameter of around 95 pm can be unambiguously
recognized by the phase-Doppler velocimetry without changing the
characteristics of table 3.2. Therefore the velocity of the gas phase in
the presence of 80 um beads is presented, rather than in the
presence of 40 um beads, in section 3.3.

3.3 Results

The results are divided into four sub-sections, relating to the
data for the 200, 80 and 40 um. In sub-sections (a) and (b) the
velocity and flux characteristics of the 200 pm and 40 pm beads,
respectively, are described and the velocity characteristics of the 80
um glass beads and of the gas phase in the presence of the beads are
examined in sub-section (c). Sub-section (d) examines the balances of
mass and momentum flux for the 40 and 80 um beads as well as for

the single phase and the gas flow. The 200 pm beads
are"unresponsive” by virtue of the small value of S, (see table 1.1) and

the 40 um beads are "partially responsive" since S, is less than order
unity, although S_, rapidly becomes of order unity farther downstream.

The velocities of the gas phase were measured in the presence of 80



161

um beads, which are on the border between being unresponsive and
partially responsive, together with the mass flux of the beads.

a) Measurements of velocity characteristics of "unresponsive" beads

Figure 3.8(a) shows the decay of centreline mean velocity of the
single phase jet and the 200 pm beads, the latter for mass loadings of
13 and 37%; the influence of mass loading on the bead velocity are
within the experimental error of the measurements. Bead-to-bead
interactions are not expected at this volume fraction (= 0.04 %) which
is well below that (= 0.3 %) at which such interactions are expected.
The 200 pm beads leave the nozzle with a velocity substantially (=
50%) less than that of the single phase since the time of flight along
the delivery pipe is of the order of 100 ms and is short compared to
the bead time constant (= 300 ms). The particle velocity at the pipe
exit is therefore not "fully- developed". Similar results at the exit of
nozzles have been found by others who have measured at the jet exit
(Modarress et al., 1982; Shuen et al., 1985) and, as expected, the
magnitude of the slip velocity at the jet exit varies with the length of
the upstream pipe and with the size of the bead. The apparently
anomalous results of Levy & Lockwood (1981), obtained at 20
diameters downstream of their pipe exit, which show that larger
particles (1 mm) move slower than smaller sizes (200 um), are
because the bead velocities, for diameters larger than about 40 pm, are
not fully developed at the exit of their pipe, which was about 40
diameters long. The bead Reynolds number here, based on diameter
and mean slip velocity, is about 80 at the farthest downstream station
and thus the flow about the 200 um beads is not Stokesian so that the

use of equation (1.4) for the particle time constant is an
approximation. The modification to the formula for L will still result

in a small value for S_ which corresponds to unresponsive flow and,

for convenience, the use of equation (1.4) is retained.

Figure 3.8(b) shows the centreline development of the r.m.s. of
the fluctuations of the axial velocity of the beads as a function of the
mass loading and compares this with that of the single phase. The
effect of increasing the mass loading is small and is to decrease the

bead r.m.s. fluctuations. Surprisingly, given the large inertia of the
beads ( S, << 1), u'y at x/d = 0.1 is greater than that of the single
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phase, although the subsequent development of the gas turbulence
reverses this observation within a few diameters of the exit. The
velocities of both phases in figure 3.8 have been normalised by a single
constant velocity, the centreline exit mean velocity U, of the single
phase, rather than by the local mean velocity which is the customary
way of presenting such data in single phase experiments. This

permits the turbulence measurements to represent the proportion of
the gas phase fluctuations acquired by the particles. That u'y is greater

than u'y (and u'y is likely to be an adequate approximation to u', at

least for the lower mass loading) appears to be physically impossible,
since it is not clear how the turbulence in the particulate phase can
become larger than that of the carrying gaseous phase. Although the
wake of each bead is likely to be unsteady, because the mean slip
Reynolds number is greater than 44, the beads are too large to
respond to these gas-phase fluctuations in their own wake. This
paradox is resolved in section 3.5. Taken together, figures 3.8(a) and
(b) demonstrate that neither the mean nor the turbulent motion of the

bead phase is a function of the downstream distance over the first 28
nozzle diameters and this is expected from the small values of S_ and

Sm(z 0.5) at x/d = 28. It is doubtful whether the beads in this flow are

spread by their turbulent motion, although their presence does change
the velocity characteristics of the gas phase (Modarress et al.,, 1982;
see section 3.4 for more information).

Figure 3.8(c) shows the decay of the bead flux, defined as the
number of validated Doppler signals per second, normalised by the
value at the exit and on the centreline, G . The bead iiux is not the
same as bead concentration, since the flux depends on the mean
velocity of the bead in a way that concentration does not. However,
figure 3.8(a) shows that the mean velocity of the beads is almost
constant over the first 30 diameters from the exit of the nozzle so that
the decrease in the flux seems to be due to the radial spread of the
beads.

The desire to have simultaneous size and velocity information
when the beads are, as in the present case, poly- rather than mono-
disperse is illustrated by the results of figure 3.9. Figure 3.9(a) is the
velocity probability function of the 200 um glass beads on the jet
centreline at a location where U, > Ug as would be measured by a

system without any sizing information and it can be seen that the
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probability function is bimodal. This bimodality can be explained from
figure 3.9(b), which is the cross-correlation between the velocity and
the bead size, measured by the phase-Doppler anemometer. Figure
3.9(b) shows that there is a strong correlation between bead size and
velocity, with small beads move slower than do larger ones. So the
minor peak on the left hand side of the velocity probability function,
figure 3.9(a), is due to contributions from beads with diameters
smaller than 200 pm. Carlson & Peskin (1975) have suggested that
the variance of particle size can be a major factor in determining
particle statistics and figure 3.9 is experimental evidence in favour of
their statement.

A conclusion from the discussion in the preceeding paragraph
is that, in general, it may be unsatisfactory to measure the "large" bead
sizes in a polydisperse distribution by arbitrarily reducing the
sensitivity of the detection system, since the amount by which
reduction is required to see only 200 um beads, and not for example
100 pm, is unknown. This effect gives rise to errors in other
experiments in the literature, as discussed in section 3.4.

b) Measurements of velocity and flux characteristics of "partially
responsive" beads

The results for the 40 pm beads are presented under the
following four headings: centreline development, radial profiles of
mean, turbulent velocities and bead flux. The gas phase
characteristics in the presence of the 40 um glass beads were not
measured, due to the difficulties in the discrimination between signals
due to seeding and glass beads, but a qualitative conclusion of the
modification of the gas phase characteristics can be drawn from the
measurements presented later for the 80 pm beads. The 40 um beads
are "partially responsive” at the exit of the pipe, but S_, is of the order
of 10 at x/d = 28, the farthest downstream station, and are likely to be
responsive there. The 40 um beads have been measured in detail

turbulence from the gaseous phase.
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Centreline development of bead velocity

Figure 3.10(a) shows that the effect of increasing the mass
loading from 13 to 80% is to decrease, relative to the single phase,
the rate of centreline decay of the mean velocity of the beads. It is
likely that the decay of U;, which has not measured for this bead size,
is also smaller as the mass loading of beads increases. The interaction
between the mean velocity of the two phases is thus "two way", since
both the gas and the bead velocity increase as a function of loading at a
given point. The lag between the mean velocity of the beads and the
velocity of the single phase is small at the exit of the nozzle, in
contrast to figure 3.8(a), because the lighter beads are accelerated
faster from rest at the beginning of the long pipe by the conveying
fluid than were the 200 pm beads. The bead Reynolds number, based
on the mean slip velocity, is at most of the order of unity and justifies
the use of the formula for the particle time constant in equation (1.4)
which is based on Stokes flow around the particle.

The effect of increasing the mass loading of the beads on the
axial development of the centreline turbulence, u'y and v', is depicted
in figures 3.10(b) and (c). The values are, again, normalised by the
centreline mean exit velocity of th. single phase, U _, and show that
the random error in V', is greater than for u',, a trend that has been

found throughout the measurements and is probably because
measurements of v', are based on two readings at + 45° to the jet axis.
[Normalisation of the single phase turbulence by the local mean axial
velocity confirms the familiar result for the single phase jet that the
axial turbulence intensity is about 25 % at 28 diameters from the exit.]

Three notable features of the development are as follows. First, there
is large anisotropy in the turbulence of the beads, largely because v' is

small and does not change with downstream distance whereas u'y,
qualitatively at least, follows the development of u',. The development
of u', is discussed further below. Secondly, although v'y is always
smaller than v',, as might be expected, u'y is larger than u' at the exit

of the nozzle and beyond x/d = 15; here the assumption is made that

u'y is a good approximation to u', which is reasonable for the lower

mass loading at least. The behaviour far downstream may be explained
by postulating that the rate of decay of turbulence in the single phase
jet is larger than that of the beads because, as noted by Snyder &
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Lumley (1971), T; is smaller than T, . The explanation begs the
question of how u', increases between the nozzle exit and x/d = 15. It
is highly unlikely that it is due to transfer from u';, despite the

apparently similar development in the two phases, because
straightforward arguments developed in the discussion suggest that
the inertia of the beads is so great that the response to the turbulence
of the gas phase can only be partial in this region (i.e. x/d < 15) and
the behaviour of v', supports this. The difference between the axial

r.m.s. velocities of the two phases at the exit of the nozzle is also a
surprising result, because it is not clear how u', can rise above the

turbulent component of the host gas. Thirdly, the effect of increasing
the mass loading results in increasing u'y downstream of x/d = 15 and
in the displacement of the location of the maximum value of u'y. In
contrast the effect of mass loading on v, is small and seems to

decrease its already small magnitude. A hypothesis is put forward in
the discussion which accounts for all three of these features.

Radial profiles of mean velocities

All radial profiles of the velocity characteristics and flux were
obtained by traversing the probe volume in the direction normal to the
plane containing the beams so as to minimise mean velocity gradient
broadening (Durst, Melling & Whitelaw, 1981). The figures show that
the quality of the symmetry is excellent.

Figure 3.11(a) shows the profiles of axial velocity at x/d = 0.1
and thus almost within the pipe. As the mass loading increases, the
bead profiles are flatter and at the same time the slip velocity relative
to the single phase, which is included as a reference profile

throughout this series of graphs, is greater. The origin of the change
in the shape of the profile of U, is not clear but it cannot be associated

with a reduction in the magnitude of the profile of U;, comparable or
proportional to that measured in Uy, because this would violate the

requirement of mass continuity in the gaseous phase. Another
possibility which should be excluded is that of particle-particle
interaction, since the volume fraction of the beads is, even at its
highest value, far below that at which this phenomenon is expected to

occur. A possibility which deserves further analysis is that the shape
of the profile of U; is modified by the presence of a favourable pressure
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gradient in the pipe. The pressure gradient arises to finance the
acceleration of the beads from rest, at the beginning of the pipe, to
the velocity which these attain at the exit of the pipe. The magnitude
of the pressure difference across the pipe has not been measured , but
by conservation of momentum it must be of the order of AP=

n&b 09U
T D2/4

om

= 0.72 p Uom2 for the highest mass loading, since rﬁb ~

0.8 n.lf and U, = 0.9 U__ at the exit of the pipe. The magnitude of AP

is comparable to the dynamic head of the gas flow and is therefore
sufficient to modify the shape of the gas profile.

The subsequent development of U, is shown for x/d = 10, 20
and 28 (figures 3.11 (b), (c¢) and (d)): the flatter shape of the profiles
which was evident for the higher loadings is lost downstream but the
coincidence of the profiles at x/d = 10 is fortuitous and not indicative
of, for example, self-similar behaviour of U,. The beads move faster
than the single phase except at the edges and it is likely this is
because U is also larger than U,. The flux of axial momentum in the
jet is constant, but the increase in U, implies an increase in the

momentum flux in the gas phase: the source of the "extra" gas phase
momentum, relative to the single phase, is the corresponding loss of

bead momentum flux (see balances in section (d)). The width of the
profile of U, and, by implication, of U is also narrower than that of U,

which is consistent with larger values of U, near the axis of symmetry,

because the entrainment velocity of the gas at the edge of jet must, by
continuity, be higher than that in the single phase jet. The higher
entrainment velocity, in turn, reduces the growth of the bead-laden jet
as the bead mass loading increases.

The magnitude of the corresponding profiles of V is small and
of the order of 3% of the axial centreline velocity of the single phase
flow.

Radial profiles of r.m.s. bead velocity

The radial profiles of u', figures 3.12(a) - (d), and of v', figures

3.13(a) - (d), confirm that the observations made on the centreline

measurements above are also consistent in the radial direction. The
radial profiles of u', bear some resemblance to those of u',, in contrast
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to the small values of v'b relative to v's. The values of v'b exhibit
noticeable random scatter which is absent from u'b and v's.

Figures 3.14 and 3.15 show the radial profiles of u_v, andu_v,

s's’
u vy

together with the correlation coefficient o. v. - at the axial locations
b b

of x/d = 0.1, 10, 20 and 28. At the exit, the correlation (figure

3.14(a)) is similar to that of the single phase and this is surprising
given the disparity between u', and vy and u' and v's: the profile is

also remarkable for its smoothness, given the scatter in V. Forx/d =

10, the cross-correlation in the beads is smaller than for the single
phase (figures 3.14(b) and 3.14(c)) but by the farthest downstream

station u, v, >uy, and the cross-correlation is higher for the larger

mass loading.

The axial development of the correlation coefficient, figures
3.15(a) - (d), is more instructive than is that of the cross-correlation.
The maximum value of the coefficient in gas is about 10.51, as
expected for boundary layer gas flow, but the coefficient for the beads
is systematically larger, although the scatter, which is presumably
related to that in v, does not allow any trend with increasing mass
loading to emerge. For a few radial locations, the random error in the
three separate measurements which are required to measure the
cross-correlation accumulated to yield a value greater than unity. The
coefficient is bounded at unity by definition and, where larger values
were found, we have set them to unity in the figures. At some radial
positions, the coefficient is substantially larger than 10.5! and this
shows that the values of u’, and v', are less stochastic than is the host
turbulent field and the implications of this statement are explored in
the discussion.

Bead flux and concentration

The amount of the discrete phase at a given point in space is
frequently the quantity of primary interest. For example, in a fuel
spray or stream of pulverised solid fuel the amount of fuel is directly
analogous to the concentration of the gaseous fuel and is required to
predict the local air-fuel ratio, the local temperature and the
concentration of products of combustion. The quantity measured by
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the anemometer is the bead flux, from which bead number density can
be deduced.

The rate of decay of the centreline flux, defined as valid Doppler
signals in the size range 35 - 45 um per second per effective area of
the measurement volume normal to the flow of beads, and normalised
by the nozzle-exit centreline value, G, is shown in figure 3.16(a).
The effective area of the measurement volume from which a detectable
signal can be generated is, in general, decreased by the reduction of
the intensity of laser incident beams and light detected by the
receiving optics. For this reason all values of the flux, for a given value
of x/d, were obtained with the same alignment of the receiving optics
as well as the same laser power. The effective area, A, of the
measurement volume as discussed in chapter 2 changes with particle
size. Here, this dependence is omitted because the instrumentation
to measure the effective area of the probe volume was not available in
the electronics at the time of the experiment. So it is assumed
constant everywhere in the flow and for every particle size and is
approximated by

A=s x b =200 x55um? (3.1)

where s is the image of the slit in the receiving optics (see table 3.2)
and b is the dimension of the minor axis of the measurement volume
(see table 3.2). The ordinate is the square root of the flux, because
this is the similarity variable (Melville & Bray, 1979a) and, as for the
velocity, the reciprocal of the dependent variable has been plotted.
The measurements do not extend far enough downstream to establish
whether the decay is indeed proportional to x1, as similarity
arguments suggest but they show that the rate of decay of the flux is
quicker for the lower mass loading. This observation is similar to
results obtained for different density fluids expanding from a nozzle in
the same environment. Laats and Frishman (1970) have proposed that
the effect of increasing the mass loading on the decay of G results in

self-similar profiles when the axial distance is weighted by exp(-0.69
Xo)» wWhere x  is the mass loading of the jet at the nozzle exit. Our

results do not fall into this pattern.
The absolute values of Gom are tabulated in table 3.4 for

reference and, particularly for the 40 um beads, these do not increase
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in proportion to the mass loading. Since the centreline bead axial
velocity at the nozzle exit is a function of mass loading, there is no a
priori reason that the centreline value of flux should be linearly .
proportional to mass loading. However, this result is rather due to the
performance of the instrument than due to the development of the
flow and is going to be discussed in sub-section (d).

The bead flux (no. of beads m-zs-l), G, is not equivalent to
concentration C (number of beads m-s) and the distinction is
important because concentration is the variable used in many
"Eulerian” (e.g. Shih & Lumley, 1986), as opposed to Lagrangian (e.g.
Gosman & loannides, 1983), models of particulate two-phase flow.
The conversion from concentration to flux is not straightforward,
because concentration is a continuum concept and, since a phase-
Doppler anemometer can function correctly only with one bead in the
measuring volume at a time, the anemometer by definition makes a
non-continuum measurement. An approximation to the value of the
mean concentration was obtained from the measurements of the
anemometer by dividing the local mass flux, G, by the local mean
velocity, U,. The approximation arises because the anemometer

measures

Glt) =C(t) U, () =C U, + c"'?fb (3.1)

and to equate C to ﬁ(}— is to assume c'u'y = O, which may be an
b

inadequate approximation far from the centreline, because it is near to
the "intermittent” edge of the "concentration"” profile (Shih & Lumley,
1986). It should also be noted that C is undefined when U,=0 (say at
the free stagnation point of a recirculation bubble; see chapter 2),
which is physically incorrect and shows that the definition of C has
shortcomings other than those related to the approximation
mentioned above. Also, equation (3.1) requires the doubtful
assumption that these bead-laden jets satisfy the concept (Lumley,
1978) of a continuum with scales as large as the energy-containing
turbulence, an issue which is independent of the problems of
measuring concentration presented by the phase-Doppler
anemometer.
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With these provisos, figure 3.16(b) shows that the axial decay of
bead concentration is faster for the lower of the two mass loadings
measured. Thus the radial dispersion of the beads is greater at the
lower mass loading and this observation is consistent with the
measured decay of the centreline velocity, while surprisingly is not
reflected in the profiles of v', .

The radial profiles of normalised flux, G, at the exit of the
nozzle (x/d = 0.1, figure 3.17(a)) are non-uniform across the exit of
the nozzle and noticeably asymmetric. The corresponding radial
profiles of concentration (not shown) are also non-uniform across the
exit. Farther downstream, at x/d = 10 and 20 (figures 3.17(b) and
(c)), the flux profiles become bell-shaped and there is no effect of the
mass loading on the normalised shape of the profile. By the farthest
downstream station, x/d = 28 (figure 3.17(d)), the apparently self-
similar behaviour is no longer evident and the half-width of the flux
profile is greater at the lower mass loading.

We have assumed symmetry and plotted from these radial
profiles the flux and concentration half-widths on figures 3.16(c) and
(d) as a function of axial distance, respectively. The notable feature of
the rate of spread is that what little there is occurs after 20 diameters
downstream of the exit of the jet and that the effect of increasing mass
loading is to decrease the rate of spread of the flux and concentration
half-widths.

c¢) Measurements of gas velocities and rate of spread at the presence
of 80 um beads.

Figure 3.18(a) shows that although the centreline decay of Uy is
virtually the same for both mass loadings measured, the rate of decay
of the centreline velocity of U; becomes slower as the mass loading of
the beads increases: consequently, Ug is larger than U, at any given

axial location. The interaction between the phases is essentially "one-
way", from the beads to the gas. In contrast to the 40 um beads, the
source of the additional momentum flux for the gas phase at the
higher loading, relative to the single phase, comes from the loss of
momentum flux by the beads. Since the decay in U, is about the same
for the two loadings (figure 3.18(a)), it follows that the total
momentum flux lost by the beads is nearly proportional to the mass
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loading itself, and hence the momentum transfered to the gas
increases with mass loading (see below sub-section (d)). The
maximum value of the slip Reynolds number is about 15, at x/d = 28
and for the 23 % mass loading. As for the 200 um beads, the flow past
the 80 um beads is not Stokesian so that the use of equation (1.4) for
the particle time constant is an approximation which it is convenient
to retain.

The centreline values of u', decrease as the mass loading of the

beads increases, figure 3.18(b), because of the shape of the profile of
U, at the exit of the nozzle, which is flatter for higher mass loading,

rather than through interaction with the turbulence of the gas phase.
The r.m.s. fluctuation u'; for the gas phase is virtually indistinguishable
from u'( at the smaller mass loading and, since this result is physically
plausible because the change in the centreline decay of U, is relatively

small, the result lends confidence to our ability to measure the gas
phase correctly in the presence of the beads. At the higher mass
loading, with the exception of the farther downstream position
x/d=28, u'; is smaller than u'y and is direct evidence of the effect of
the presence of the beads on the turbulence of the gaseous phase. The
latter observation is in agreement with Owen's arguments (1969) and
suggests that the presence of the beads gives rise to more than just a
reduction in the length scale at which dissipation takes place (Lumley,
1978). Finally, v, is smaller (figure 3.18(c)) than u', and, as for the 40
um beads, there is no systematic effect of increasing the mass loading
on the magnitude of v';.

Figures 3.19(a) - (d) show the radial profiles of Uy at four axial
stations and on the first and last stations the profiles of U; are also
presented. At the nozzle exit, the U, profile is flatter for the higher
mass loading, in accordance with the measurements of the 40 um
beads. The profile of U; at the lower mass loading is indistinguishable
from U, as might be expected. At the higher loading, U is lower than
U, at every measured point by about 7 %. This result also violates the
requirement of mass continuity of the air because the air flow rate to
the test section was unchanged on the introduction of the beads. U;
has been probably lowered by the increase in cross-talk between the
two phases due to the larger mass loading of the beads and despite the
procedure of Hardalupas et al. (1988). This hypothesis is not totally
convincing because it is hard to conceive of cross-talk which is large
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enough to change U; and yet leave u'; similar to u'y, as discussed below.
An alternative explanation is that U, is indeed as measured, lower than
U, but that U is larger than Uy in the regions closer to the walls of

the nozzle than those at which measurement was possible. The
amount by which the gas phase would have to be larger to account for
mass continuity is small because of the increased contribution to the
mass flow rate of flow near the walls relative to flow near the
centreline. The justification for believing that the behaviour of U; near
the walls is different from that near the centreline is that the
measurements below show that the mass flux, or concentration, of
beads is smaller near the walls.

The development of U, at x/d = 10 and 20, figures 3.19(b) and
(c), confirms that the rate of spread of the 80 um beads is smaller
than that of the 40 pm beads and that the separation between Uy and
U,, and by implication Uy, increases with downstream distance. At x/d
= 28, figure 3.19(d), Uy is greater than U, although the acceleration of

the gas phase is confined to the region where the beads and the gas
co-exist : the measurements just outside the jet of beads suggest that
U; is smaller than U,. In accordance with expectation, the slip
velocity between the two phases is greater for the larger mass loading
of beads.

The turbulence of the gas phase, figure 3.20(a), at the exit of
the nozzle is unchanged from u’'( by the presence of a mass loading of

23 % of 80 pm beads. At the higher loading, u’y is smaller than u'_ by

about a factor of 2, which casts doubt on the suggestion that there is
cross-talk from the beads. The turbulence of the beads at x/d = 10

and 20, figures 3.20(b) and (c), is smaller than and not even
qualitatively related to u'y. At x/d = 28, figure 3.20(d), u’; is larger for

the higher mass loading of beads and, in both cases, u'; is greater than

u',. It is likely that the increase in u'; is due to the generation of uf2

___0du
by v a—rf ] which is larger due to the increase in the value of mean

rate of strain, an / or, and will be discussed in section 3.5. The r.m.s.

radial velocity of the beads was measured, as for the 40 um beads, but
is not presented here since the profiles do not show any new features.
Figures 3.21 and 3.22 show measurements of the radial profiles

of ﬁ;\_rb and the associated correlation coefficient. The cross
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correlation is smaller than that for the 40 um beads at x/d = 0.1, 10,
20 and 28 and although the corresponding correlation coefficient is
higher than that of the single phase for the last two stations, its value
is noticeably smaller than that of the 40 um beads. There is no
difference between the results for the two mass loadings.

The rates of decay of centreline flux and concentration are
shown in figures 3.23(a) and (b) in the same form as figure 3.16 for
the 40 pm beads, and the relevant normalising quantities are given in
table 3.4. The values of G for the 80 pym beads increase more
closely in proportion with the loading than do the results for the 40
um beads and this observation is discussed in sub-section (d). The
effect of mass loading is smaller than with the 40 um beads, in
common with the centreline velocity, but the trend is opposite to that
in figure 3.16, namely an increase in loading increases the centreline
decay. This observation is consistent with measured increase in both
the flux- and concentration- half width with increasing loading,
demonstrated in figures 3.23(c) and (d).

The radial profiles of bead flux are shown in figure 3.24 and that
at the exit of the jet, figure 3.24(a), is the only asymmetric profile
measured. If the flux really were asymmetric at the exit of the pipe, as
the measurements suggests, the comparatively slow axial development
of the 80 pm beads would ensure that the asymmetry would be present
for a long way downstream but this is not observed in the subsequent
profile of flux at x/d = 10, figure 3.24(b). The likeliest explanation for
the asymmetry remains that it is an artefact of the measurement
technique, but the origin is not clear.

(d) Mass flowrate and momentum flux.

The measurements presented in this work are intended for use
in evaluation of calculation methods and it is important to know the
quantitative reliability of the experimental results. As suggested by
Rodi (1975), consistency checks of the experiments are required,
which provide an independent evaluation of the accuracy. The
quantities providing these checks for all jet experiments are the mass
flowrate and the conservation of momentum flux, estimated here for
the single phase flow and the beads and compared to the expected
value.
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The mass flowrate of the single phase flow at the exit of the
nozzle, obtained by integration of the velocity profile, was =15% lower
than the flowrate measured to the rotameter and the discrepancy is
due to the absence of data points very close to the pipe wall.
Downstream of the nozzle the mass flowrate increases as expected and
follows the results of Ricou and Spalding (1961), suggesting that the
jet entrains air from the stagnant environment equal to the initial
flowrate every 6 nozzle diameters. At the farthest downstream
location, differences up to 20% exist which are due to the uncertainty
in the definition of the edge of the jet. The results for the momentum
flux, which is the conserved quantity for the jet, show similar
differences at the downstream locations.

The calculation of the mass flowrate and momentum flux for the
solid phase cannot be obtained by integration of the velocity profiles
alone, since the particles are not a continuous medium. The mass flux
of the beads was obtained by integration of the profiles of the particle
flux G for an effective area of the laser Doppler probe volume A = 200 x
55 um2 (section 3.3 ¢). The mass flowrate of the beads is a conserved
quantity. The supplied flowrate of the beads to the flow for every
mass loading was known and used here to normalise the estimated
flowrate of the beads for each case and the results are presented at
figures 3.25(a) and (b) for the 40 um and 80 um beads. The estimated
mass flowrate of the beads is larger than the supplied flowrate for all
cases. For the 80 um beads, it is larger by a systematic factor of 3.5
times, which is approximately independent of measuring location and
mass loading and suggests that the effective area of the probe volume,
A, is larger than the approximate value used for the calculation by
around 3.5 times. The estimated flowrate for the 40 pm beads is
initially less overestimated than for the 80 um beads but eventually
also rises to around 3.5 times larger for the lower mass loading. It is
likely that the difference is due to larger turbidity of the 40 pm flow,
since the number of 40 pm beads present in the flow is (80/40)3
times larger than the 80 um for the same mass loading. Also an
increased proportion of measurements may fail to satisfy the
amplitude and the frequency validation criterion because of the
reduced signal-to-noise ratio at higher loadings. The comparison of
the ratio of the estimated bead flowrates for the two mass loadings
with the expected ratio (e.g. 80/13 = 6 for the 40 pum), shown in
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figures 3.26(a) and (b) supports the above explanation for the results
obtained for the 40 um and explains why the values of the flowrates for
the 80 pm beads increase more closely in proportion with the initial
loading.

The beads are continuously loosing momentum to the gas flow.
The integral of the momentum flux of the beads along the developing
region of the jet, normalised by the momentum flux at the exit for
each case, is shown in figure 3.27. The momentum flux integral of the
beads was corrected for the error of the estimated mass flowrate
(figure 3.25) by multiplying with the ratio of the supplied to the
estimated mass flowrates. Although the initial momentum flux of the
beads for both mass loadings is approximately the same for the 40 and
80 um beads, the rate of momentum loss is lower for the 80 um beads
and at x/d = 28 the 80 um beads have twice the momentum flux of the
40 um beads. In Appendix 3.C the drag coefficient of the beads in the
jet flow at x/d = 28 is calculated under certain assumptions and is
found to be nearly two times larger for the 40 um beads than for the
80 pm, which supports the observations of the momentum flux
balances. A side issue from this calculation is that the drag coefficient
is affected by the presence of a large amount of beads and does not
follow the drag law for single spheres. The amount of momentum flux
transfered from the 40 pm beads to the gas phase accelerates the gas
and decreases the slip velocity between the two phases, so the rate of
momentum flux loss decreases after x/d = 20, which does not happen
for the 80 um up to x/d = 28. This explains also the difference of the
rate of momentum loss between the two mass loadings for the same
size, which is lower for the higher loadings.

Figures 3.28(a) - (d) and 3.29(a) - (d) show the variation of the
momentum flux integral as a function of the radius at axial locations
x/d = 0.1, 10, 20, 28 for the 40 and 80 um beads respectively. The
momentum flux of the beads is concentrated over the central region of
the jet (r/d < 1) and for the lower mass loadings is smaller than that of
the single phase flow by at least 50 %, so the influence on the mean
gas phase flow must be small. For the higher mass loadings it is larger
or equal to the momentum flux of the single phase flow and can affect
the air as shown by the estimation of the momentum flux of the gas
phase in the presence of the 80 um beads (figure 3.29(d)). This
suggests that the ratio of the momentum flux of the single phase jet to
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the momentum flux of the beads at the exit is an indication of the
influence that the presence of the beads can have on the mean gas
flow. The estimated values of momentum flux, and the ratio of the
momentum flux of the single phase flow to that of the beads, at the
exit of the nozzle are given at table 3.6 and show that the momentum
flux of the beads relative to the single phase is approximately
proportional to their mass loading. The small momentum flux of the
particles at the outer region suggests that the beads loose most of
their momentum in getting there.

The integration of the profiles of the gas flow shows that the
momentum flux of the gas increases relative to that of the single phase
flow by 20% at x/d = 28 for the higher bead mass loading, which is
less than the momentum lost by the beads by 50 %. This suggests that
the measurements of the gas phase are not affected by cross talk with
the beads because this would result in the acquisition of much higher
momentum flux by the gas.

3.4 Comparison with previous experimental results.

Before comparison with other two-phase flow experiments can
be made, it is necessary to establish that the present single phase jet
measurements are in good agreement with previous results. The
radial profiles of the axial mean and r.m.s. velocity at x/d = 20 and 28
normalised by the mean centreline velocity at each station are plotted
as a function of the radial distance from the centreline r, which is
normalised by the distance from the nozzle exit, x, and are compared
to the results of Wygnanski and Fiedler (1969) in figure 3.30. The
turbulence intensity results at x/d =20 agree very well with these of
Wygnanski and Fiedler at the same station and, as expected, are
smaller by 25% to these of the self-preserving jet (x/d > 50). At x/d =
28 the turbulence intensity increases approaching that of the self
preserving jet. The mean axial velocity results agree perfectly. The
observed trends establish confidence in the single phase jet results of
the present experiment.

It is necessary to establish a single set of scales which will be
used for normalisation during the comparison with the other two
phase experiments. Mean centreline velocity was normalised by that
at the exit of the nozzle and the radial profiles were normalised by the
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local mean centreline axial velocity of the single phase, which is usual
in the jet experiments (e.g. Wygnanski & Fiedler, 1969). However, in
contrast to practice for single phase jet experiments (e.g Wygnanski &
Fiedler, 1969, who used the local mean centreline velocity) or for two
phase jets (e.g. Shuen at al, 1985 and Modarress et al, 1982 used the
centreline velocity of each phase) the turbulence r.m.s. centreline

velocities for both phases were normalised by a single constant
velocity, the centreline exit mean velocity of the single phase, U

om’
This allows direct comparison of the proportion of the gas phase
fluctuations that is acquired by the particles; normalisation by the local
mean velocity of each phase would obscure this comparison.

Two experiments with two-phase jets were chosen for
comparison, due to the similarity of the experimental conditions, and
are examined separately in two sections. The experiments of Shuen et
al (1985) will be presented first and the experiments of Modarress &

Tan (1982, 1984) will follow.
a) Comparison with the experiment of Shuen et al (1985).

Shuen et al (1985) measured gas and particle velocity in jet
flows for 79 pm, 119 um and 207 um diameter sand. The conditions
of their experiments suggest that the particles are not responsive to
the mean gas flow (table 1.1, chapter 1) and their results here are
normalised by the exit mean centreline velocity of the single phase.
The following conclusions can be drawn from the comparison:

i) the single phase characteristics for both experiments are the
same;

ii) the mean centreline development of the 79 pm sand is
similar to the development of the 80 pm beads;

iii) the axial r.m.s. centreline fluctuating velocities of the 79 pm
particles have a maximum at approximately x/d = 20 and then
decrease in a similar way as the single phase (figure 3.31(b)). This is
not observed in the results presented here, where the r.m.s. axial
velocity decreases continuously downstream of the nozzle. This
conflict is not justified by any difference between the flow conditions
and is rather due to the inability of their instrumentation to size the
particles and the measured velocity distribution is modified due to
cross talk from smaller sizes. Similar observations are true of the 119
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um particles results, although to a smaller extent. Additionally, the
shortcomings of the instrumentation are the reason for the
discrepancies of 40 - 60 % which they observed between the mean
velocity of the 207 pm particles measured by L.D.A. (low bead mean
velocity) and double-flash photography (high bead mean velocity).
Their explanation, based on the large Doppler pedestal components, is
less plausible;

iv) the radial r.m.s. fluctuating velocities of the particles are
much smaller than the axial, as observed in our results. However the
radial r.m.s. of the 79 pm particles is larger than measured here for
the 80 um beads (figure 3.31(c)), which should again be due to cross
talk from smaller sizes;

v) the gas phase mean velocity at the presence of the 79 pum
particles is smaller than that of the single phase after x/d=30 (figure
3.31(a)). There is no physical ground for this as the momentum
transfer from the particles to the gas accelerates the gas flow. Again
the measurement seems to be in error;

vi) the gas phase axial turbulence in the presence of 79 um
particles is reduced relative to the single phase close to the nozzle of
the jet and is larger far downstream. Similar results has been obtained
for the gas at the presence of 80 pm beads but for larger mass
loadings.

b) Comparison with the experiment of Modarress and Tan (1982,
1984).

The instrumentation that they used is more advanced than that
of Shuen et al. They measured gas and particle velocities for 200 pm
and 50 um diameter glass beads and the conditions of their
experiment are also found in table 1.1. Using the mean exit centreline
axial velocity to normalise their results the following conclusions can
be drawn:

i) the single phase results for both experiments are very similar;

ii) the mean axial centreline velocity development of the 200
um is the same for both experiments and is not affected by bead mass
loading. They do not present results for the r.m.s. velocity of the 200
um beads;
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iii) the change of mass loading affects only the 50 pm beads and
they find that the particle velocity decreases along the centreline with
decreasing mass loading. Similar observations were made for the 40
pum beads. Also for the same mass loading, the rate of centreline
velocity decrease is inversely proportional to particle size (figure
3.32);

iv) the mean gas phase velocity has been increased in the
presence of the 50 pm beads in a similar way to our results for the 80
um beads. This effect is larger for the 50 um rather than for the 80
um due to the difference in their relaxation time (figure 3.32(b));

v) their radial profiles of axial r.m.s. velocity at x/d = 20 for the
50 um beads for 32% and 85% mass loadings show that the axial r.m.s.
fluctuations of the beads and the gas in the presence of the particles
are larger than that of the single phase jet and this is true for both
mass loadings. This result is similar to our observation for the 80 um
beads at x/d = 28 (figure 3.20(d)), where the velocity fluctuations of
the gas in the presence of the particles are larger than these of the
single phase flow;

vi) they also find large anisotropy between axial and radial r.m.s.
fluctuating velocity of the 50 pm particles.

Finally, it should be emphasised that both the above
experiments do not present any measurements of the bead cross-
correlation coefficient and the bead flux and these shortcomings are
corrected by this work.

3.5 Discussion

There are two questions which need to be answered. Do the
particles disperse due to turbulence acquired from the gas phase ?
What is the effect of the particles on the mean and turbulent gas phase
characteristics ?

The discussion begins with an assessment of the magnitude of
the contribution of the turbulent motion of the beads to their spread
and this leads to an explanation of the high anisotropy and correlation
coefficient of the bead turbulence relative to that of the single phase
jet. It is useful to be able to arrive at some a priori estimate as to
whether the turbulent velocity component of the beads in these
experiments is important to dispersion. This can be important to
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mathematical models of particulate dispersion, for example the
Lagrangian particle-tracking approach of Gosman & Ioannides (1983),
which assumes that a bead is subjected to aerodynamic drag forces,
related to the difference in instantaneous velocities between beads and
air.

Vames and Hanratty (1988) have noted that the trajectories of
the beads cannot be "random walks" if the turbulent Stokes number is
less than 0.1 since the inertia of the beads filters out most of the
frequency spectrum of the gas phase turbulence, leaving the beads to
travel in straight lines. The turbulent Stokes number at the nozzle
exit is about 0.1 for the 40 pm beads (Appendix 3.B) and lower for the
larger diameters so that, at least within the pipe, the beads will move
in straight lines. As these emerge from the pipe, the characteristic
turbulent frequencies of the air decrease so that the turbulent Stokes
number, S,, is an increasing function of the downstream distance and
is tabulated in table 3.5, calculated in Appendix 3.B, for the 40, 80 and
200 um beads. The magnitudes suggest that only the 40 um beads are
sufficiently small to acquire turbulent motion from the gas phase, and
only after twenty nozzle diameters downstream.

The finite values of v, measured at the nozzle exit for all three
bead diameters show that the bead trajectories are straight lines
which are inclined at an angle to the jet axis. The r.m.s. angle of
trajectories at the exit of the nozzle is +3° to the jet axis for the 40 pm
beads. The inclined particle trajectories give rise to radial profiles of
bead flux which extend farther than the location of R,, the radial
location of the streamline in the jet which contains all the mass flow
rate from the nozzle of the jet. The radial r.m.s. velocity comporicnt at
the exit of the jet thus contributes to bead spread and figures 3.17(b)
and (c) quantify the amount by which the beads lie outside R, for the
40 pm beads. Within the pipe leading to the nozzle exit, this angle
suggests that some of the beads must hit the wall of the pipe as they
move along the pipe tube. After impact, they return to the flow,
having lost some of their momentum, at distances from the wall which
are proportional to their inertia. So larger beads return closer to the
centre of the tube after hitting the wall. This can be the reason for the
shape of the mean velocity profiles at the nozzle exit and their
difference between the 40 and 80 um beads, the non-uniform
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concentration profiles and the increased u'y and v, at the region of

the gas boundary layer.

The magnitude of the S, suggests that the motion of the 40 um
beads within 20 diameters of the nozzle should be relatively
unresponsive to the frequencies of the energy-containing velocity

fluctuations of the gas and this is supported by the measurements of
V', since, even as far as 28 diameters downstream, v'_ = 2 v'p (figure

3.10(c)). It is therefore surprising that u', = u'( everywhere on the
centreline (figure 3.10(b)) since the magnitude of u'y is similar to v'g

and it is known (Gibson, 1963) that there is little difference between
the wave numbers corresponding to the energy-containing scales of
the axial and the radial velocity.

The explanation of the phenomenon is based on two features of
this jet. First, the trajectories of the beads on exit from the nozzle are
virtually straight lines. Secondly, the beads near the nozzle wall travel
markedly slower than do those near the centreline of the jet. A bead

will maintain its trajectory over the Lagrangian integral timescale, T, ,
which has magnitude (Meek & Jones, 1973; Pismen & Nir, 1978,
1979)

szt

D when St<1 {=>’J'f<rp} (3.7)

Ty =T; when St> 1 {=T; >‘Cp} (3.8)

Close to the nozzle, say for x/d <= 20, the first condition is

appropriate (table 3.5) and hence a bead travels in a given direction
for time T b of order rp : in this time the bead travels over axial and

radial distances given by

Ax, = Uy Ty (3.9)
Ar, =+v, T, (3.10)

Assuming that the Lagrangian quantity is of the same order as the
Eulerian, typical values for U, and v'[, are 10 and 1 m/s, respectively

and, with T = 10 ms for the 40 um beads,
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Axb =~ 10 cm = 6 exit diameters
Arb =+ 1 cm = * 0.7 exit diameters

with larger distances for the 80 and 200 um beads. Thus the beads
travel over large fractions of the width of the jet without modification
of the velocity magnitude or direction because the radial distance, Ary,
which is the "mixing length" of the beads (Owen, 1969), is comparable
to that of the half-width. This behaviour is analogous to a Knudsen
flow, where the mean-free-path of the molecules is of the order of the
diameter of the duct in which the flow occurs (Vames & Hanratty,
1988). After x/d = 20, there is a transition region for the 40 pm beads

which begin to acquire some turbulence from the gas as they approach
at x/d = 30 where the S, is of the order of 1. However, the acquired

turbulence cannot be large because v', is of the order of 5% and much

smaller than that of the single phase.

The importance of the magnitude of the radial gradient in the
profile of the bead mean axial velocity, at the exit of the nozzle, to the
generation of bead anisotropy is explained by reference to figure 3.33.
The mean bead velocity at point "S" which lies close to the wall of the
nozzle is slower than that at position "F" which is close to the fast
stream of beads around the centreline (see, e.g., figure 3.11(a)) and
the beads spread in "fan-like" paths from every point at the exit of the
nozzle with the r.m.s. angle of the "fan" given locally by iarctan[ﬁv:%],
which is approximately +3° near the axis at the nozzle exit. An
Eulerian measurement of axial velocity at either I or II is therefore
"broadened" by contributions from beads originating at "S" and "F" and
since the magnitude of u'y is not due to turbulence interaction
between the gaseous and the particulate phase, results such as those

obtained at the exit of the jet pipe, e.g. figure 3.10(b) and 3.12(c),
where u'y > u'g are not physically impossible. In contrast there is no

comparable mechanism for the generation of v'y and the difference in
the way in which u'y and v, are produced explains the large observed

anisotropy in the r.m.s. bead velocities.

The mass flux profile, G, of the beads at the exit of the nozzle is
also important as a boundary condition for any calculation of the
particle-laden jet. The relative number of trajectories arriving at any
point in the jet from, for example, near the wall of the nozzle to those
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from the axis of the jet is related to the distribution of mass flux at the
exit and this information cannot be deduced from the particle velocity
profile. It is for this reason that the measurement of G at the exit of
the nozzle was one of the objectives of this work.

Fan-spreading also accounts for the high measured value of the
shear stress correlation coefficient for the beads. Consider a point
near the half-width of the profile of bead flux for, say, x/d <= 20. If the
instantaneous valuc of u'y is positive, which implies that the
instantaneous velocity is faster than the local mean, then from the
geometry of the fan, this implies that the bead originated near the

centreline, where bead mean axial velocities are high, and must be
associated with positive v',. Similar arguments when u'y is negative

imply that the bead originated near the nozzle wall and hence tht vy

is also negative. The straight line trajectories implied by the fan-

spreading model suggest that there is a strong correlation between
the magnitude of u'y and v’y and this leads to the large value of the

correlation coefficient. The correlation coefficient of Jb_\_’_b for the 80

pm beads is smaller than for the 40 pm beads because the profile of
U, is flatter for the larger diameter at the exit of the nozzle. As the
beads travel further downstream, the trajectories become less
unidirectional and hence the shear stress correlation coefficient of the
beads is no longer found to be close to unity. Peak values of the
correlation coefficient near unity are thus experimental evidence for
fan-spreading.

The preceding paragraphs have two important, related
implications for the evaluation of calculations of particulate two-phase
flow, and particularly for Lagrangian stochastic simulations. The first
is that, at least over the first 20 diameters or so and for beads of
diameter greater than 30 pm, the magnitude of u'y can have little to
do with the transfer of turbulence to the particulate flow from the gas.
Here it should be noted that the agreement reported between
calculations and experimentally measured values of u'y in a similar jet

flow (e.g. Shuen et al., 1985) must be essentially the result of
incorporation of measured initial conditions for U, and v'y at the exit

of the nozzle into the calculation and not because of the good

performance of the mathematical model for "turbulent" particulate
flow. It is emphasized that this result depends on the value of St being

smaller than about 0.1. Experiments performed with, for example,
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atomised liquids are more likely to result in droplets which acquire
turbulence from the continuous phase since liquids possess smaller
densities relative to solids and because of the small size classes
generated by atomisation.

The second implication is that all of the measurements of the
particulate flows suspended in fully turbulent (i.e. Re > 12 000) jets,

quoted in table 1.1, relate to fan-spreading of the beads. Fan-
spreading ceases when S, is of order 1 and the axial station where this

]

v
occurs can be found from equation (B.8) in appendix 3.B by setting U—f
m

~ 0.25 appropriate for the self-similar region. With these values,

2
s,=329 10* (3)° s, (0.25)2 (3.11)
hence S, = 1 when
2 190
() =75 (3.12)

It is experimentally desirable to achieve this condition at small
values of x/d, which implies large values of S_ : however, the largest

practicable values of S_, which at the same time result in fully-

turbulent jets, are of order 0.1 (e.g. this work and Modarress et al.,
1982) and hence

Stzlath40~50d

Most of the remaining references of table 1.1 have S, <= 0.01

and only Solomon et al. (1985a, b & c¢) have measured sufficiently far
downstream for S; to equal 1, but their flow was generated by an
atomising nozzle which produced polydisperse liquid droplets. This
implies that new measurements are required which relate to "random
walk" motion of the dispersed phase in a particle-laden jet.

The effect of the particles on the characteristics of the gas

phase has only been measured in the presence of the 80 um beads,
which do not respond to the fluid turbulence (S; < 1). The centreline

axial r.m.s. fluctuation (figure 3.18(b)) of the single phase, u',

increases to a maximum value at x/d = 8. Similarly the maximum value
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of the gas phase r.m.s. fluctuation u'; is lower and displaced farther
downstream from the nozzle, so u'; appears to be reduced relative to

the single phase close to the nozzle and larger downstream. Thus the
presence of the beads not only delays the mean development of the
jet, but also changes the turbulence characteristics of the gas.

There are three candidate mechanisms for the observed effects.
The first is that the addition of the particles results in increased
dissipation. Pismen & Nir (1978) examined the dissipation rate of
isotropic turbulence at the presence of particles with no slip velocity
by using a parameter, A, the ratio of a characteristic time of the
fluctuations corresponding to the maximum of the turbulence
spectrum to the particle relaxation time. They showed that the
maximum dissipation rate per unit particle mass is achieved for
particles with relaxation time of the same order of magnitude as the
characteristic turbulence time (AL = 1) and the increase of the relative
dissipation rate with wavenumber of the spectrum k is most drastic at
intermediate wavelengths for values of A = 0(1). The parameter A is
equivalent to the turbulent Stokes number, S,, which was used in the

above analysis. So close to the jet nozzle where the slip velocity
between particles and gas is very small and 0.1 < S; < 1 (Table 3.9), it
is expected to have higher dissipation rate per unit particle mass than
for the single phase flow.

The second is due to Al Taweel and Landau (1977), who
examined the turbulence energy dissipation in dispersed two phase
jets and found that the presence of the particles alters the turbulence
structure of the jets by attenuating the high frequency fluctuations
while the energy containing low frequency eddies are not affected.
The turbulence intensity of the gas phase thus reduces with increasing
mass loading and decreasing particle diameter. Their conclusions
agree well with the present experimental results. However, the model
they used assumes that the particles are always confined to the same
fluid eddy (no mean slip velocity), so they cannot predict the effect
observed at x/d = 28, figure 3.20(d), where u'; is greater than u',.

The third suggestion which accounts for an increase in the
turbulence of the gas, is that it is due to the wakes "shed" from the
beads due to the mean slip velocity between the two phases. It is
doubtful whether this is possible because the slip Reynolds number is
about 20 and hence well below the value 44, at which the wake behind
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a sphere becomes unsteady. Furthermore, the scale of the wake will
be of the order of the diameter of the beads and hence close to the
Kolmogorov microscale, rather than near the energy-containing scales
as would be necessary for the increase of the gas turbulence. It is

more likely that the increase in u'y is due to the generation of :1f2 by
ou

[ufvf 31; ] which is larger due to the increase in the value of mean rate

of strain, dU; / dr as the fluid is accelerated by the momentum transfer

from the particles.
3.6 Conclusions

i) This work describes the velocity and mass flux
characteristics in the non self-similar region (x/d < 30) of round
turbulent bead-laden jets for bead diameters of 200, 80 and 40 um, at
two mass loadings. The corresponding volume fractions were always
sufficiently small that bead-to-bead interaction is negligible.

ii) The mean and r.m.s. motion of the beads is governed by their
inertia which is conveniently characterised by the mean Stokes
number (S_ ) and the turbulent Stokes number (S,), which increase as

the product of the square of the axial distance and mean exit Stokes
number (S).

iii) The mean velocity of the 200 um beads is virtually constant
and there is little influence of mass loading on their mean motion,
because the mean Stokes number is small. The interaction between
the phases is thus "one-way", from the beads to the gas.

iv)] The centreline velocity of the 80 um beads decays
independently of mass loading for the values examined here. The
mean velocity of the beads at the jet exit is slower than that of the
fluid and becomes slower still with increasing mass loading. The flux
and concentration of the beads is larger near the axis than at the walls
of the nozzle.

v) The presence of the 80 um beads influences the fluid flow.
The centreline decay of the mean velocity of the gas phase is slower in
the presence of the beads and the gas phase turbulence is lower close
to the nozzle of the jet and higher further downstream. It is likely

that the increase in turbulence is related to the increase in the mean
rate of strain, an / or. Close to the nozzle the mean rate of strain has
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not been changed by the presence of the beads. The turbulence is
reduced by the increased gas phase dissipation rate per unit particle
mass in the presence of the beads with relaxation time of the order of
the characteristic turbulence time.

vi) For the 40 um beads, the rate of decay of the centreline
bead velocity decreases with increasing mass loading. The axial r.m.s.
velocity of the beads is larger than that of the single phase jet for
x/d>=15 and is always larger than the radial r.m.s. velocity of the
beads. The downstream location of the maximum value of the
centreline r.m.s. velocity of the beads increases with increasing
loading.

vii) The "fan-spreading" model for the motion of the beads
refers to quasi-unidirectional trajectories of the beads from the exit of
the jet up to about 20 diameters downstream for the 40 pm beads, and

farther for the larger beads. This model accounts for the observed
high anisotropy in the r.m.s. velocities of the beads, u', being greater

than u'; at some locations, and the high cross-correlation coefficient of

the beads relative to that of the turbulence in the single phase jet. It
also resolves the apparently paradoxical result that the beads spread
due to turbulent motion even though theoretical arguments suggest
that the beads cannot acquire turbulence from the gaseous phase. An
important implication for the evaluation of mathematical models of
particulate two phase flow is that the observed value of u'y, here and in
the majority of experiments published in the literature, can have little
to do with transfer of turbulence from the gas to the beads.
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TABLE 3.1

Nominal properties of glass beads

Nominal diameter range(um)37 - 44¢ 60 - 959 165 - 255¢

Density (kg m™3) 2420. 2950.  2950.
Stokesian time constant (ms) 11.9 47.6 298.
Terminal velocity (cm s™!) + 11.1 44.8 154.
Time constant based on

terminal velocity (ms) 11.1 45.7 157.
Refractive index 1.51 1.6 1.6

a8 Ferro Corporation, Jackson, Mississippi 39205, U. S. A.

b Jencons (Scientific) Ltd., Leighton Buzzard, Beds., LU7 8UA,
England

€ "Class V, close sized uni-spheres". 90% within size range; 90% true
spheres; < 2% irregularly shaped beads.

d "Grade 15". 20% normally outside 42 - 102 pm

¢ "Grade 11". 80% within size range; remaining 20% normally
between 124 - 318 um

t+ based on table 5 in Fuchs (1964, p. 32)
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TABLE 3.2
Principal characteristics of the phase-Doppler anemometer

1 Watt (nominal) Ar* laser wavelength 514.5 nm

Beam diameter, at e 2 intensity, of laser 1.25 mm

Focal length of lenses:
imaging lens from laser to grating 80 mm
collimating lens after grating 300 mm
imaging lens to form measuring volume 300 mim

Number of lines on radial diffraction grating 8192 -
Shift frequency (nominal) due

to rotation of grating 3 MHz
Short-term stability of shift frequency (r.m.s.) 0.3 %
Beam separation 27.7 mm
Measured half-angle of intersection 2.64 degrees
Calculated dimensions of beam intersection
volume at e intensity 1.13 mm
0.052 mm
0.052 mm
Fringe spacing 5.58 pm
Calculated number of fringes
within e 2 intensity 8 -
Frequency to velocity conversion factor 0.18 MHz/(ms™!)
Location of collection optics from
~ forward scatter 30 degrees
Focal length of collimating lens in
receiving optics module 600 mm
Apertures at collimating lens:
dimension of rectangular apertures 45x6 mm
separation between apertures 1 and 2 25 mm
separation between apertures 1 and 3 50 mm
Focal length of imaging lens in receiving
optics module 300 mm
Width of spatial filter before the
photodetectors 100 um
Magnification of receiving optics 2 -
hence effective length of measuring volume 200 um

Phase angle-to-diameter conversion factor
for channel 1 and 3 0.263 um/degree
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TABLE 3.3

Estimates of systematic and random errors in quantities

measured
QUANTITY SYSTEMATIC ERROR RANDOM ERROR
position 1. mm + 1. mm
Mass loading of beads - 5. %
Bulk gas velocity - 3. %

Gas phase in presence of beads:
mean velocity 3. to 4 % (towards Uy) -

r. m. s. velocity +5. to +10 % -

Beads and "clean jet":

mean velocity + 3. % 1. %
axial r. m. s. velocity -3. % 3. %
radial r. m. s. velocity -5. % 5 %
cross-correlation -4. % 4. %
cross-correlation coefficient 7. % 6. %

flux of beads 3. %
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TABLE 3.4

Values of centerline velocity and flux used to normalise

For clean jet:
U

om

For 40 um beads:

13% loading:
G

om

8]

om
80% loading:
G

om

8)

om

For 80 pm beads:

23% loading:
G

om

U

om

86% loading:

om

8]

om

quantities

14.7

1225
13.1

3461
12.2

299
12.4

844
11.4

# sl {area of measurement volume)™!

ms'1

# sl {area of measurement volume}}

ms'1

# s”! {area of measurement volume}!

ms-!

# g1 {area of measurement volume) !

ms'1

TABLE 3.5

Turbulent Stokes number as a function of axial distance along

a jet for three bead diameters

X/D VS/Um
(-) (-)

10 0.10
20 0.20
30 0.22

0.25 0.06 0.01
0.25 0.06 0.01
0.59 0.15 0.02
1.10 0.27 0.04
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TABLE 3.6

MOMENTUM FLUX OF 40 AND 80 um BEADS

Clean flow exit momentum flux : 0.242 x 107!

Case 40um-13% 40pum-80% 80um-23% 80um-86%
Calculated momentum flux (x107!)

-X/D=0.1 0.041 0.238 0.076 0.265
Ratio of momentum fluxes of beads to the single phase jet

-X/D=0.1 0.17 0.98 0.31 1.09
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APPENDIX 3.A

Derivation of expressions for the axial variation of the timescales of the

"energy containing motion" & Kolmogorov scales in a jet

The following analysis establishes the axial variation in the
timescales of the energy-containing, or large-eddy, motions and of the
Kolmogorov scales in a turbulent round jet; these scales are compared,

in the introduction, with the inertial timescale of typical beads. The
ratio of the Kolmogorov timescale, 1., to the large eddy timescale, t,

is given by (Tennekes & Lumley, 1972)
Ty vel

T,

e Vg

)-0.5 (A.1)

where [ is the lengthscale associated with the large eddies. If [ is
identified as the jet half-width and v’ is taken to be =~ 0.25 U_ , where

U_, is the local centreline velocity, then using equations (B.6) and
(B.7) in Appendix 3.B equation (A.1) becomes

T
ti = (0.139 Re)0-5 (A.2)
€

where Re is the Reynolds number of the jet based on the mean
velocity at the exit of the nozzle. For fully turbulent flow in a jet, Re
must be of the order of 10000 so that the smallest value for the ratio is

Y

e
If

L

te = —‘;;" (A.4)

then
x2 d
t. = 0.05 (a‘) (U ) (A.D)

0]
For completeness, we mention that T, the Lagrangian scale

used in Appendix 3.B, is about one-tenth of t,, as quoted in Tennekes

& Lumley (1972).
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APPENDIX 3.B

Estimation of bead turbulent Stokes number in a turbulent, round jet

(i) Turbulent Stokes number at jet exit

The Lagrangian integral scale of the gas, T, can be estimated
from (Vames & Hanratty, 1988, Tennekes & Lumley, 1972)

A%
7, = —<L (B.1)

2
Ve

and where we will use estimates of the values of v off.f and —‘-,;_2 from a

clean jet for convenience and since there is little error involved in
doing so. Now a correlation for v eff.f Which is appropriate to the

Reynolds number of this flow is (Vames & Hanratty, 1988)

Veff.f
u*2R

= 0.037 (B.2)

where R is the pipe radius and u* can be found from a Nikuradse-
Moody diagram since

u*2
2 (B.3)
Um

f=8

and f = 0.027 at this Reynolds number for a hydraulically smooth pipe.
Hence v g4;=3X 104 m?2/s and, from our measurements that V' is

approximately 0.05 U_, or 0.65 m/s, vf2 is 0.4 m? / s2. Substituting
these values into equation (B.1) gives T; = 0.75 ms. This gives S of
about 0.06, 0.016 and 0.003 for glass beads of diameter of 40, 80 and

200 um respectively and it is hence likely that even the 40 pm beads
move in unidirectional motion, at least within the pipe.
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(i) Turbulent Stokes number as a function of axial distance in jet

In the jet we revise our estimate of v . . as follows (Spalding,

1979)

Vegrf = 0.0256 Um rl/2

and hence from equation (B.2) and rearranging

2
VR RS S
U, Um2

T, = (0.0256

where (Spalding, 1979)

r, o = 0.0845 x

d
Um=6.57( -i-) Uo
Hence
_ 4 x 2. d Vi -2
and thus
‘,l

2 -2
S, =329x10% ()7 (s,) (f—)
m

(B.4)

(B.5)

(B.6)

(B.7)

(B.8)

where S_ is the exit-mean-Stokes number defined in equation (1.15).
In table 3.5, we summarise the values of S, as a function of

downstream distance for 200, 80 and 40 um beads and for
convenience we have approximated v'; by v'.. The value of T; is the

same at x/d = 10 and 20 because the increase in x/d is matched by the
change in ( vy / U ). The magnitudes of S, suggest that by 30

diameters downstream of the exit, only the 40 pm beads may be
responsive to the turbulent motion of the gas and that even by 40
diameters it is unlikely that the 80 um beads are responsive.
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APPENDIX 3.C

Estimation of the drag coefficient of the beads in the jet

Assuming that gravitational forces are negligible, that the gas
density is small relative to the particle density, that the relative
velocity between the particle and the gas flow remains constant at the
observation region and that the particle is spherical, the inertia force
balances the drag force acting on it, without taking into account the
Basset, the added mass and the pressure term forces :

dv nd, 2
~'b _ 1 2 b
m,—q =2 PVy Cp 1 (C.1)
nd,. S

where my = p, -—g— is the mass of the spherical bead, p, is the

density of the bead, p; is the fluid density, V_ is the relative velocity
between the two phases, V, is the bead velocity, d, is the bead
diameter and Cy is the drag coefficient of the bead in the jet flow.

If my is substituted to equation (C.1) the following expression

for the drag coefficient of the spherical particle is derived:
pp . &, dv,/dt

4
Ch=7 | ) (
D 3 Pr Vr2

) (C.2)
The deceleration, dVb / dt, of the bead can be calculated from the

axial bead velocity gradient in the jet. If we assume that the particle
moves with the local measured mean velocity V, at x/d = 20 and
decelerates over a distance x up to x/d = 28 with a constant rate to
reach the mean velocity V at x/d = 28 then the rate of bead
deceleration can be calculated

2 2
avy, Vg 2-Vv
dt = 2x (C.3)

The relative velocity for the 80 um beads at x/d = 28 can be
estimated because the gas velocity at the presence of the particles has
been measured for both mass loadings. For the 40 pm beads the
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relative velocity can be estimated only for the lower (13%) mass
loading, assuming that the gas phase has not been affected from the
presence of the beads.

The results from the equation (C.2) as a function of the bead
Reynolds number are given at the following table.

Beads CD meas. Reb CD correl.
40 um-13% 12.19 2.72 11.40
80 um-23% 5.92 15.72 3.15
80 um-86% 7.92 12.21 3.72

The values of C, correl. are from the following correlation
between drag coefficient and bead Reynolds number, Re,, mentioned

by Clift et al, 1978 :

24

— (0.82-0.05w)
Cp correl. = Reb (1+0.1315 Re, ) (C.4)
V. Dy
where w = log, jRe, and is valid for O < Re, < 20, where Re, = .
%
f
100 2
I
9
= O drag coeff. meas.
§ 10 - O - —— drag coeff. equ.(C4)
O ]
o
o
a
1 1 s SRS W | I I L1 11113
1 10 100

slip velocity Reynolds number Re
It can be seen at the above figure that the drag coefficient of 40
um beads-13% mass loading is close to that expected from the
correlation for a single sphere. However, the 80 pm beads do not
follow the relation (C.4), and this suggests that the drag coefficient of
particles with a certain mass loading in a flow is different from that of
a single sphere. More work is needed to establish this result.
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FIGURE 3.1 Experimental arrangement.
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FIGURE 3.5 40 um beads viewed by a scanning electron
microscope at a magnification of = 200.
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FIGURE 3.33 Schematic represantation of "fan-spreading” phenomenon
which accounts for large values of u'b even though beads are too large to
respond to turbulent frequencies in the gaseous phase. At low Stokes nu-
mbers, bead trajectories are close to being straight lines and figure shows
superposition of bead trajectories at arbitrary measurement locations "I|"
and "11". Points "$" and "F" are the two initial positions considered at
the exrit of the jet: point "S$" corresponds to a location, which has slower
Ub than does "F". The bold vectors denote velocity of bead which
originates from "S" and lighter vectors are from "F". Measurement of
bead turbulence at points "1" and "11" is due to superposition of fast and
slow trajectories.
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CHAPTER 4

ROUND SUDDEN STEP EXPANSION

4.1 Introduction

The dispersion of particles in recirculating flows is of interest
for many technical applications, for example, liquid and solid fuels
combustion in industrial burners or in internal combustion engines.
The present investigation examines the response of different particle
sizes to the air flow generated by a round sudden step expansion.
Measurements of the velocity and flux characteristics of the 40, 80
and 200 pum glass beads at different mass loadings and the velocity of
the gas phase in the presence of the beads are reported for a jet flow
expanding in two larger tubes with diameter ratios of 3.33 and 5.

Available information of the detailed characteristics of two
phase flows involving recirculating regions is slight due to the
difficulty of the corresponding measurements. Concentration
measurements of particles in recirculation zones based on light
scattering methods are available and for example studies of the
transport of small particles in the recirculation zone generated by
discs have been reported by Humphries and Vincent, (1976) &
(1978). Visualisation and photographic methods have been used to
study the behaviour of droplets in a recirculation zone, as for example
the reacting flow of McCreath & Chigier (1973), but without size
resolution and in flows which are so complex that it is difficult to draw
conclusions on the aerodynamic behaviour of particles. Only recently
have advanced laser diagnostics been used to study two phase
recirculating flows as for example the two-phase flow at the exit of an
annular jet (Hardalupas et al, 1986), a fuel injector in a swirl-stabilised
combustor (McDonell et al, 1986) and the single-sided backward-
facing step two-phase flow (Ruck et al, 1988). However, the physics of
the dispersion of particles in recirculation zones remains unknown.

Sudden changes in test section geometries have been used
extensively to study flow separations downstream of the step, as for
example, on single steps of Bradshaw & Wong (1972), Etheridge &
Kemp (1978) and Armally et al. (1983) or on symmetric steps of Abbot
& Kline (1962) and Cherdron et al (1978). The simplicity of the



232

sudden expansion geometry and the reported measurements of single
phase flows provide an appropriate flow for the study of the behaviour
of the particles in the recirculation zone existing downstream of the
step and their development downstream of the recirculation zone.

The present results show that particle size and flow geometry
are critical parameters for the dispersion of the particles in the
recirculation zone and have been examined on the basis of mean and
turbulent flow Stokes numbers, as defined in the previous chapter.
Thus, the reattachment length of the gas flow recirculation zone was
found to increase in the presence of the beads and is longer for the
higher particle mass loading. So a "two-way" interaction exists
between the particles and the gas and the effect is more pronounced
for the higher mass loadings.

Section 4.2 describes the flow arrangement and refers to
chapter 3 for the description of the measurement method used and
estimates of uncertainties. Section 4.3 presents the results for the
two expansion ratios 3.33 and 5. and section 4.4 compares the
centreline development of the jet flow reported in chaptes 3 and this
of the expansion flow arrangement to find the effect of the
confinement of the flow on the dispersion of the beads. The results
are analysed and discussed in section 4.5 and the main conclusions are
summarised in section 4.6.

4.2 Experimental arrangement.

The jet flow described in the previous chapter and shown in
figure 3.1 formed the pipe upstream of the expansion. The Reynolds
number at the exit of the upstream pipe was around 13000,
corresponding to a bulk exit velocity of about 13.2 m s ! at the exit of
the 15 mm pipe. The air was supplied by a compressor and divided to
provide pneumatic transport for the glass beads and for the seeding
tracer for the gas phase measurements. The rotameters metering the
two streams operated at gauge pressures between 0.1 and 0.3
atmospheres and the flowrates were corrected to N.T.P. from
calibration charts provided by the manufacturer. The two streams
recombined as described in chapter 3 developed along about 100
diameters to a fully turbulent pipe flow exhausting vertically
downwards in the round sudden step expansion produced by co-axial
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precision bore glass tubes with internal diameters of either 50 or 75
mm at the exit of the upstream pipe (figure 4.1). The top of the glass
tubes was closed by aluminium plates and sealed by o-rings.

The precision bore glass tubes ensured the transparency
needed for the optical measurements but the seeding powder (kaolin)
used for the gas phase measurements eventually built up on the glass
wall, resulting in attenuation of the laser beams. The tube was treated
often with "antistatic" cleaner, which helped to keep the tube clean
for long periods. No problem of electrostatic attraction of the glass
beads was observed on the glass tube or the metal plates, as reported
by McDonell (personal communication).

The glass beads were supplied to the flow and metered by the
screw feeder described in the previous chapter. The air flowrate
through the screw feeder box was maintained at around 1 dm?S s'!.
The seeding powder was kaolin supplied to the flow by the reverse
cyclone arrangement (Glass & Kennedy, 1977) and the flowrate
through the reverse cyclone was kept constant at around 1.5 dm3 s1,
The chosen flowrate was a compromise between the requirement for
high mean Stokes number in the upstream pipe (small flowrate) and
the requirement for a Reynolds number based on the diameter of the
downstream tube higher than 2500 to ensure turbulent flow. The flow
conditions for all the cases measured are given in table 4.1.

The seeded air and the beads were discharged from the glass
tube to the laboratory before the flow was captured by a collection
hopper that was placed on the inlet of a large fan to provide a suction
flow. The particles were recovered by passing the flow through a
cyclone and collecting them in a bin at the base of the cyclone. The
beads were returned to the hopper of the screwfeeder from time to
time to be used again. The particles used were glass beads with the
same properties as those of chapter 3, see table 3.1. The phase-
Doppler instrument of chapter 3 and table 3.2 was again used with
uncertainties similar to those of table 3.3.

4.3 Results
The results are divided into four sub-sections and are presented

for both expansion ratios for the 40, 80, 200 um beads in the
following order. Sub-section (a) presents the velocity and the flux
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characteristics of the 40 um; sub-section (b) reports the velocity and
the flux characteristics of the 80 pm beads as well as the gas phase
velocity characteristics; sub-section (c) presents the velocity
characteristics of the 200 um beads and sub-section (d) presents the
separation streamline of the single phase flow and the zero axial
velocity contours of the beads and the gas phase. Although the mean
flow Stokes exit number suggests all particles would be unresponsive
to the mean flow, it will be shown that the 40 pym beads are responsive
to the recirculation zone generated at the corner downstream of the
step for both expansion ratios and that the 80 pm are semi-responsive
as they enter the recirculation zone of the large expansion ratio flow
but they do not for the small expansion ratio. The 200 pm beads,
however, are unresponsive to the recirculation zone for both
expansions.

The bulk velocity, U, (tables 4.2 & 4.3) in the downstream tube
was used to normalise the velocity profiles and was chosen because the
integrals of the normalised single phase velocity profiles become unity.
The diameter of the downstream tube was used as the corresponding
length-scale parameter of the flow to normalise the radial and the axial
distance from the centreline and the inlet respectively. The
coordinate system used in this chapter relative to the position of the
laser can be seen at figure 4.1.

a) Velocity and flux characteristics of 40 um beads.

The results for the 40 um beads are presented separately for
different expansion ratios and in the following order for each case :
centreline mean and turbulent velocities, radial profiles of mean and
turbulent velocities, flux characteristics.

Expansion ratio of 3.33

i) Centreline velocities

The centreline mean axial velocity and the mean turbulent
r.m.s. velocity fluctuations in the axial and radial direction are shown
in figure 4.2 normalised by the bulk velocity in the downstream pipe.

The mean axial velocity decay of the single phase fluid is rapid and
becomes approximately equal to the bulk velocity U, within four tube
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diameters. The 40 um beads leave the upstream tube with lower
velocity than the single phase and as their inertia causes their velocity
decay to be slower, they move faster than the single phase after one
tube diameter. The mean slip velocity between the two phases
decreases farther downstream and the beads have nearly the same
velocity as the single phase flow at about z/D = 8. For the smallest
mass loading (13%), the gas phase can be assumed unaffected by the
beads, so the interaction is one way from the gas to the beads. As the
mass loading increases, the beads leave the inlet with smaller velocity
(figure 4.2(a)) and the velocity of the beads decays at a lower rate. It is
likely that this is due to the increased gas phase velocity relative to the
single phase at higher mass loadings, as the interaction between the
two phases is "two way", and this has been measured for the 80 um
and is presented later.

The 40 um beads leave the upstream pipe with larger r.m.s.
fluctuations than the single phase, which is a result of the behaviour of
the beads inside the tube, but not due to turbulent movement of the
beads as the mean flow Stokes number is small at the exit (chapter 3).
The maximum of the r.m.s. fluctuations of the beads is shifted
downstream relative to the single phase and the effect of mass loading
is to "delay" the occurrence of the maximum. The velocity r.m.s.
fluctuations of the beads downstream are always larger than the single
phase, and this apparently paradoxical result is due to the fan-
spreading effect explained in chapter 3 rather than abnormally large
response of the beads to the axial gas phase turbulence.

The radial r.m.s. fluctuations of the beads along the centreline
remain approximately constant, equal to their exit value and much
smaller than the axial r.m.s. fluctuations and this observation supports
the fan-spreading effect. The beads at the exit of the upstream tube
have smaller radial r.m.s. fluctuations than the single phase, while the
reverse is observed in the axial direction. The single phase radial
r.m.s. has a similar variation as in the axial direction although its
maximum value is around 20% lower, due to the known anisotropy.
The beads appear to have larger r.m.s. values in the radial direction
than the single phase flow farther downstream, a strange result, which
could be due to a fan spreading effect in the radial direction.
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ii) Radial profiles of mean and turbulent velocities.

The radial velocity profiles show that the response of the beads
to the gas turbulence is enough to enter the recirculation zone, which
is not obvious from their centreline behaviour. The mean velocity
profiles, figure 4.3, show that the 40 um beads respond to the gas
phase and follow the flow in the recirculation zone quite well. Figures
4.3 (a) and (b) show that the single phase flow and the beads mean
negative velocities are indistinguishable in the recirculation zone and
even close to the wall, where there is a trapped corner vortex, the
beads and the single phase have positive velocities. For the main jet
stream, the beads move slower than the single phase and only at
z/D=1.5 the mean velocities at the central part of the flow are equal.
At this position the single phase negative velocity in the recirculation
zone has its maximum value and the beads follow this trend. However,
the zero mean axial velocity of the beads occurs closer to the centre of
the tube than for the single phase, which implies a wider recirculation
zone for the beads and suggests a longer reattachment length. The
beads slide down the wall due to gravity and their velocity is positive
as their terminal velocity is not negligible in the recirculation zone
and should be taken into account in the interpretation of the results.
The mass loading appears to have an effect and the velocities of the
beads in the shear layer are smaller for the higher loading. This
observation becomes more obvious for the higher loading farther
downstream, where beads move faster on the centreline and slower in
the shear layer and in the recirculation zone than the beads at lower
loadings. So the length of the beads' recirculation zone is larger for
the higher loadings (figure 4.3 (d), (e), (f)) as quantified in sub-section
(d) and the recirculation zone of the single phase flow is always
shorter than that of the beads. Although the singlef\ﬂow mean velocityo(\v?wse
profile is flat at z/D=6 (figure 4.3(g) and (h)), those at higher mass
loading beads are far from flat, moving faster at the centre and having
small negative velocities close to the wall.

The radial profiles of the axial r.m.s. fluctuations are presented
in figure 4.4. In the shear layer, close to the step (z/D=0.06 and 0.3)
the beads have larger r.m.s. values than the single phase and the
velocity probability function of the beads is bimodal close to the
separation streamline, implying large scale structures in the gas flow.
The bimodal velocity p.d.f. is more obvious for the 80 um beads and
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will be explained later. At the centre, the profile corresponds closely
to the fully turbulent pipe flow coming out of the upstream pipe. In
the recirculation zone the beads have smaller r.m.s. values than the
single phase, expected as the beads cannot respond to the complete
frequency spectrum of turbulence and since there are no fan-
spreading effects. At z/D=2.4, the r.m.s. fluctuations at the centre and
in the recirculation decrease as the mass loading increases. This
sequence becomes different farther downstream, and after z/D= 6 the
r.m.s. fluctuations increase with the increase of mass loading except
close to the wall. The r.m.s. fluctuations of the beads close to the wall
are always lower relative to the single phase, which is due to the
extension of their recirculation zone. The longer recirculation zone of
the beads implies that the gas phase flow has been affected by the
presence of the beads in that the length of the recirculation zone is
also longer for the gas phase and this will be demonstrated later for
the 80 um beads. However, it can be argued here that if the beads
have negative velocities close to the wall, so must the air. So the
length of the recirculation zone of the gas phase is at least as long as
that of the beads.

iii) Bead flux characteristics.

The bead flux was measured as the number of valid Doppler
signals in the 35-45 pum size range per second per effective probe
volume area normal to the flow of the beads at each point. The
arguments made in chapter 3 for the flux measurement are valid here
only in the central region, which is similar to the jet flow. The area of
the control volume has to be approximated again by the width of the
control volume at the e"2 point of the Gaussian light distribution of the
beam, b, multiplied by the width of the image of the collection optics
spatial filter, s, which limits the length of the control volume because
the optics are positioned off-axis. So the effective area of the control
volume is A =s xb =200 x 55 um2

It is shown in table 4.2 that the absolute values of the flux
centreline . at the exit of the upstream pipe, G, are not
proportional to mass loading. This is due to the turbidity of the flow
which is higher here than in the free jet flow, due to the confinement
of the flow. The beads which recirculate generate a "wall film" on the
glass tube, which attenuates the incident and the scattered light and
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thus the effective area A of the control volume, which was assumed
constant, may vary with mass loading and location. The lack of
knowledge of the variation of the effective area of the probe volume
during the measurement, because of the absence of the necessary
electronic instrumentation at the time of this experiment, limits the
flux results to relative comparison for each mass loadings and
precludes comparison of absolute values.

In chapter 3, flux was defined as the particle arrival rate per
unit area of the probe volume and this is appropriate when the beads
are moving in one direction, as in the jet flow of chapter 3. For the
recirculating flow described here, the axial bead flux G(x,z) at a point
(x,z) of the flow is defined as :

G(x,z) = F+(x,z) - F (x,2) (4.1)

where F +(x,z) and F (x,z) are the arrival rate at the probe volume of the

laser Doppler of the beads moving with axial velocity U > 0 and U < O
respectively and normalised by the area of the probe volume (# s7! m?).
So G(x,z) < 0, when the net fraction of all beads passing through a
point (x,z) is moving in the defined negative direction of the flow.

It was not made possible to take into account the directional
ambiguity here and this is the subject of future work combined with
improved instrumentation, as described in chapter 2, which will
measure the flux and the concentration of the beads. The bead flux is
presented here as the number of occurrences per second without
taking into account the directional ambiguity. At the central part of
the flow there are no beads with negative velocities, so the bead arrival
rate is equal to the bead flux G(x,z). This is not correct in the
neighbourhood of the separation streamline and inside the
recirculation zone, where beads are moving in both directions, so the
results obtained there show the time average number of beads present
at each point and not the bead flux.

The centreline flux development is given in figure 4.5
normalised by the flux centreline value at the exit of the upstream
pipe, G,,, and plotted as the reciprocal of the dependent variable.
The normalisation parameters are given in table 4.2. The flux decay
along the centreline is faster for the lower mass loading beads
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suggesting that beads at lower mass loadings disperse faster and this
agrees with the velocity results presented earlier.

The radial profiles of the bead flux are shown in figure 4.6 and
are normalised by the centreline value at each station. The flux of
beads in the recirculation zone, close to the step, is 90% smaller than
that at the centreline and the profiles are similar for different mass
loadings. Further downstream, at z/D=1.5 & 2.4, the flux profile has a
minimum in the shear layer and increases close to the wall, but is
always smaller than the value at the centre. The profiles are
asymmetric for the higher mass loadings (40% & 80%), probably due
to the effect of turbidity on the measurements rather than asymmetry
in the flow, as is explained in the following section. The
measurements were obtained by traversing the phase-Doppler
instrument along its axis, as refraction through the cylindrical glass
tube made the measurements along the normal direction to the optical
axis difficult. As a consequence, negative values of y/D are closer to
the laser (figure 4.1) and the measurements are less affected by
turbidity.

Approaching the end of the recirculation zone the near-wall flux
increases and at the farthest downstream location the maximum is
close to the wall and the central part is nearly flat. This allows the
speculation that the majority of the beads leave the recirculation zone
due to their weight by sliding down the wall. The profiles become
symmetrical farther downstream, where the turbidity effect is lower
and this supports the explanation that the asymmetry closer to the
step is due to the measuring system rather than the flow.

Expansion ratio of 5

i) Centreline velocities

With the larger expansion, the bulk velocity, U, (table 4.3) of
the gas flow is smaller as the initial flowrate is the same for both
geometries. The single phase mean axial velocity reaches its steady
state 4.5 tube diameters from the inlet of the large pipe similar to the
observation for the other expansion (figure 4.7(a)). For low mass
loading, the velocities are again closer to those of the single phase but
there is always a mean slip velocity between the two phases (figure 4.7
(a)). The axial r.m.s. velocity characteristics (figure 4.7 (b) and (c)) are



240

similar to those discussed earlier and the location of the maximum
r.m.s. fluctuations of the single phase appears to scale with the
downstream tube diameter and is the same for both expansion ratios.
The location of the maximum value of r.m.s. of the fluctuations of the
beads does not scale with the downstream tube diameter and further
downstream the beads have different fluctuation levels for each
expansion ratio. This may be due to partial response to the gas flow
turbulence, which appears to be possible as the turbulent Stokes
number of the beads increases far downstream from the exit.
However, the centreline development of the radial r.m.s. fluctuations
confirms the weak response of the beads to gas turbulence along the
centreline.

ii) Radial profiles of mean and turbulent velocities.

Radial profiles of the mean and r.m.s. axial velocity are
presented in figures 4.8 and 4.9 respectively and show similar features
to those for the other expansion ratio. In order to find the response of
the beads to the gas turbulence, it is necessary to eliminate the fan-
spreading effect and this is the case when the mean velocity in the
direction of the measurements is around zero. Thus, the azimuthal
r.m.s. fluctuations were measured because the mean azimuthal velocity
is zero for the axisymmetric sudden expansion and the fan spreading
effect is eliminated, see figure 4.10. The profile close to the exit of
the upstream pipe shows that there is a maximum in the shear layer
for the single phase and for the beads (figure 4.10(a)), but the
azimuthal r.m.s. fluctuations of the beads are smaller. Farther
downstream, the beads' radial profiles have a maximum which always
occurs at the same radial location as the maximum of the axial r.m.s.
fluctuations, but is smaller than the corresponding axial value by a
factor of around 2.5, which suggests that the beads acquire about 40%
of the gas turbulence (figure 4.10 (b) and (c)). Also, for the single
phase jet there is anisotropy between the axial and azimuthal turbulent
velocities of the order of 0.30 while for the beads the anisotropy is
much larger and of the order of 0.80. So only a small amount of radial
turbulence can be acquired by the beads and is enough to generate the
large axial r.m.s. values due to the fan spreading effect and also their
fan-like trajectories make them cross the separation streamline. At
z/D=5.33, the beads' azimuthal r.m.s. fluctuations are constant and
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larger than those of the single phase despite their reduced response
to the gas turbulence due to their inertia and they increase as mass
loading increases (figure 4.10(d)). This strange result can be due to
the ability of the beads to maintain their conditions for a longer period
than the gas phase due to their inertia, although the axial gas phase
turbulence may be increased here also as was measured in the
presence of the 80 um beads and is presented later in this section.

Finally, the radial variation of the r.m.s. fluctuations normal to
the main direction of the flow was measured at z/D=1.33. The
complete radial profile could not be measured because the beams were
totally reflected at the surface of the tube and the existence of the
steel bar, which supports the tube, prohibited optical access to part of
the tube. The mean and the r.m.s. of the radial velocity are shown in
figure 4.11, with the former very small relative to the axial velocity of
the single flow and of the beads. The scale of figure 4.11(a) is
different from that of the axial velocity profile (figure 4.8(c)), in order
to show the sign of the radial velocity which is negative at the
neighbourhood of the separation streamline and implies beads moving
towards the wall. The radial r.m.s. fluctuations show the same trends
as the azimuthal r.m.s. fluctuations and their values are approximately
equal. This result supports the supposition that the response of the
beads to the gas phase turbulence is partial, although it is enough to
cause bead transport along the separation streamline.

iii) Bead flux characteristics

The centreline flux, normalised by G table 4.3, shows that

om’
the decay of the flux along the centreline is faster than that of the
beads with the expansion ratio of 3.33 (figure 4.12). This result is
expected as the timescale of the larger expansion ratio is larger and
the beads have more time to react to the gas turbulence, so more
beads enter the recirculation zone.

The asymmetry of the radial profiles of the flux is smaller than
for the smaller expansion ratio, since the turbidity effect is lower with
the beads dispersed over a larger area. The profiles of figure 4.13
show that the behaviour of the beads is similar to that with the smaller
expansion ratio.
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b) Velocity flux characteristics of the 80 um beads and gas phase flow

The characteristics of the 80 pum beads are presented
separately for each expansion ratio. The gas phase velocity
characteristics in the presence of the beads are also presented. The
following order will be followed: centreline velocity characteristics of
the beads and the gas phase, radial profiles of mean and turbulent
velocities of the beads and the gas phase and finally the bead flux
characteristics.

Expansion of 3.33

i) Centreline velocities

Figure 4.14(a) shows that the mean axial centreline velocity of
the 80 um beads is lower than that of the single phase at the exit of
the upstream pipe but becomes larger than the gas at one tube
diameter downstream, as the gas phase decelerates rapidly and
reaches the bulk velocity of the downstream pipe after 4.5 tube
diameters. The 80 um beads maintain their initial velocity up to two
diameters downstream of the exit of the upstream pipe before starting
to lose momentum to the gas. However, it is not before four tube
diameters that the gas phase has a larger velocity than the single
phase because of the momentum transfered from the beads to the gas.
The velocity characteristics of the beads along the centreline for
different mass loadings are nearly the same, so the only parameter
which could affect the amount of momentum transfered to the gas is
the mass loading of the beads. At the last measured location the gas
phase for all three mass loadings is moving faster than the single
phase on the centreline and appears to be fully developed, although
the beads still decelerate.

The bead axial r.m.s. fluctuations, shown in figure 4.14(b), are
larger than these of the single phase at the exit of the upstream pipe
and are constant along the centreline, without any distinguishable
maximum but with the lower loading, they have larger fluctuations up
to four diameters from the inlet and gradually downstream the reverse
effect is observed, as was the case for the 40 um beads. The
turbulence modification of the gas phase in the presence of the beads
is not monotonic. Near the inlet, it is reduced relative to the single
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phase and this effect is more pronounced for the higher mass
loadings, while further downstream it is increased relative to the
single phase. For the particulate phase, fan-spreading is likely to
explain the larger axial r.m.s. fluctuations relative to the single phase.
The results for the gas phase agree with observations made in chapter
3. The 80 um bead lose momentum at a slower rate than the 40 um
beads as expected from their larger time constant.

ii) Radial profiles of mean and turbulent velocities

The mean axial velocity profile at the exit shows that there are
no beads in the recirculation zone and the profiles of the 80 um beads
at z/D=0.06 and z/D=0.3 (figure 4.15 (a) and (b)) are nearly flat and
confined to the central region of the tube. The velocities of the beads
are lower than those of the single phase with the exception of the
shear layer, where the beads move much faster than the gas. At the
higher mass loadings, the beads move slower than the lower loading.
At z/D=2.4 the gas phase mean velocity has been measured in the
presence of the beads and there is nearly no change in the axial mean
velocity relative to the single phase for all three mass loadings. The
beads move faster than the single phase as the gas decelerates. The
gas phase moves faster at z/D=5 and z/D=8 (figure 4.15 (e) and (f))
than the single phase at the centre but slower close to the wall as
required by mass continuity. In consequence, the recirculation zone
of the gas phase is longer in the presence of the beads and this effect
is more obvious for the larger mass loading.

The mean axial velocity profile of the beads is asymmetric in
that the beads reach the wall of the tube first on the side of the
negative y/D and the location of the maximum velocity is not on the
geometrical axis of the tube but at y/D=-0.1 at the farthest downstream
measured profile. It seems that this happens because the axis of the
upstream tube is inclined to the axis of the downstream tube by an
angle of around 1°. This also might explain the asymmetry of the
single phase profiles and the 20% difference between the
reattachment lengths at +y/D. However, it is quite common in the
literature to observe asymmetries in sudden expansions for reasons
independent of the geometry of the flow (e.g. Cherdron et al., 1978)
and it is possible that this is the case here.
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The axial r.m.s. fluctuations are shown in figure 4.16 and at the
inlet to the section the beads have larger fluctuations than the single
phase at the centre but in the shear layer, the single phase has much
larger r.m.s. values. The small axial r.m.s. fluctuations of the beads in
the shear layer suggest even smaller radial r.m.s. fluctuations, so there
is not enough response to the turbulence to make them cross the
separation streamline. The gas phase turbulence is the same as that of
the single phase at the centre but it is reduced in the shear layer and
inside the recirculation zone at z/D=2.4 (figure 4.16(c})). Although the
presence of the beads does not modify the mean gas velocity
characteristics, the turbulence is suppressed even in the recirculation
zone where there are no beads present. This implies that the effect of
the presence of the beads on the fluid is not local, but modifies the gas
flow field everywhere even in regions where no beads are present.
The beads disperse due to their initial radial r.m.s. values and, in
lesser part, because of their very small response to gas turbulence, and
reach the wall of the tube at z/D=5 where their r.m.s. fluctuations have
a maximum close to the wall and are everywhere larger than those of
the gas phase. At this axial station, the gas phase turbulence is larger
than that of the single phase for all mass loadings and this effect is
more pronounced for the higher mass loading (figure 4.16(e)) due to
the increased production by the greater mean rate of strain. Finally, at
z/D=8 (figure 4.16(f)), the r.m.s. fluctuations of the beads are constant
at the centre and decreases close to the wall with the former result
suggesting that the beads do not bounce on the wall but remain close
to it. The difference between the gas phase and the single phase
r.m.s. values is larger here than farther upstream, although the effect
of mass loading is smaller (figure 4.16(f)).

iii) Bead flux characteristics

The centreline flux, shown in figure 4.17, decays slower for the
80 um beads than for the 40 um beads since the former do not follow
the recirculation zone. The flux of the higher mass loading 80 pm
beads decays faster in agreement with observations in the free jet of
chapter 3. It is unlikely that this is an artefact introduced by the
turbidity of the flow, because of the consistency of the results for this
flow and for the free jet.
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The radial flux profiles for the 80 um beads are shown in figure
4.18, normalised by the local centreline value. At the inlet to the
section, most of the beads are close to the centre, but at z/D=2.4 they
have spread out. The rate of spread may be quantified by the axial
development of the flux half width (figure 4.17(b)) which shows that
the beads spread faster at the higher mass loading and this is
consistent with the centreline results. The profiles at z/D = 3.2, 5 and
8 show also that the higher loading beads spread faster and as the
beads reach the wall remain in the near wall region (figure 4.18(f)). A
qualitative difference between the 80 um beads and the 40 um beads
is that most of the flux of the 40 um beads is close to the wall
downstream of the recirculation zone.

Expansion ratio of 5

The main difference between the two expansions of the 80 um
beads is that the particles follow the recirculation zone in the larger
expansion ratio. This will be established in the results below, which
are presented in the same order as before.

i) Centreline velocities

The centreline development of the beads shows a similar trend
to that of the smaller expansion ratio. The beads start with smaller
velocity than the single phase at the exit, which is maintained up to
1.5 tube diametersbefore decaying. The mass loading effect is more
obvious in this expansion as the higher loading beads start with
smaller velocities and, at the farthest downstream location, have larger
velocities than the lower loadings. The gas phase moves faster than
the single phase after z/D = 2 (figure 4.19(a)). The r.m.s. fluctuations
of the gas phase are modified in the same way as for the smaller
expansion ratio and are lower than the single phase close to the inlet
and larger after four tube diameters (figure 4.19(b)).

The r.m.s. fluctuations of the beads are larger than that of the
single phase at the exit of the upstream pipe and remain constant up
to three tube diameters where there is a slight increase and a
maximum at around four tube diameters. The axial location of the
maximum is "delayed" as the mass loading increases and is the reason
for the larger r.m.s. fluctuations at higher mass loading beads far
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downstream even though they leave the upstream pipe with smaller
r.m.s. than the lower loadings.

The centreline results show small differences between the
behaviour of the 80 um beads in the two expansion ratios and there is
nothing to indicate that the beads disperse in the recirculation zone at
the larger expansion.

ii) Radial profiles of mean and turbulent velocities

The beads leave the upstream pipe with smaller velocities than
the single phase at the centre and larger in the shear layer (figure
4.20(a)). They enter the recirculation region and their mean
velocities there are small and negative but larger than these of the
single phase. The higher loading beads leave the upstream pipe with
smaller velocity but there is no corresponding effect in the
recirculation zone. At z/D=0.66 and W the central region the beads
still have smaller velocities than the single phase, but the beads' shear
layer is farther from the axis and the velocity gradient much larger
than that of the single phase. This effect is more obvious at z/D=1.33
and 2.66 (figures 4.20(c) and (d)), where the beads move faster than
the single phase everywhere along the radial profile. At this axial
station, the beads at high mass loading move with lower velocity than
the lower mass loadings even into the recirculation zone. The larger
velocity of the beads relative to the single phase suggests that the
beads' recirculation region is shorter than that of the single phase, and
in contrast to the 40 um beads it is likely that the gravitational forces
which oppose the drag forces are sufficiently large to stop the negative
movement of the 80 pm beads. At higher mass loadings, the beads
always move slower close to the wall and the gas phase moves faster
than the single phase in the central region with smaller velocities
close to the wall and a longer recirculation zone as was observed at the
smaller expansion flow. At z/D=4, figure 4.20(e), the beads at higher
loading still have negative velocities close to the wall and move faster
at the centre. At the last measured station downstream from the step,
z/D=5.33, the gas phase is faster than the single phase at the centre
and the recirculation zone is extended and is larger for the higher
loadings. The 80 pum beads have a large velocity gradient in the radial
direction which was not observed for the 40 pm beads and move faster
than the gas phase everywhere (figure 4.20(f).
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The radial profiles of the axial r.m.s. fluctuations are shown in
figure 4.21. The exit profile for the 80 urré[is similar to that of the 40 5( beads
um beads, although flatter at the centre and both have lower r.m.s.
fluctuations in the recirculation zone than the single phase. So there
is no particular characteristic of the r.m.s. fluctuations profile which
distinguishes the 40 and 80 pm beads at the exit of the upstream pipe.
This changes at z/D=0.66 where the 80 pm beads have larger r.m.s.
fluctuations than both the 40 um beads and the single phase inside the
recirculation zone. The fluctuations of both bead sizes are the same in
the central region of the flow and lower than those of the single phase.
So the 80 um beads appear to disperse better than the air in the
recirculation zone, which is a strange result as the 80 um beads did
not enter the recirculation zone at the smaller expansion-ratio flow.
The beads at the higher mass loading have smaller r.m.s. fluctuations
in the centre and in the recirculation zone and no particular effect of
mass loading exists in the shear layer (figure 4.21(b)). At z/D=1.33,
figure 4.21(c), the 80 pm beads have larger r.m.s. values than the
single phase over a wide region of the shear layer and only in a small
region of the recirculation zone close to the wall have smaller values.
The maximum of the axial r.m.s. fluctuations occurs in the shear layer,
closer to the centre for the higher mass loading and shifted towards
the wall as the mass loading decreases. The 40 pm beads at the same
station have smaller r.m.s. values than the single phase. At z/D=2.66,
the beads have larger r.m.s. values than the single phase in the
recirculation zone and close to the wall but lower values in the centre.
The gas phase turbulence is not affected by the presence of the beads
for the lower mass loading but is suppressed as the mass loading
increases, figure 4.21(d). The reduction of the gas axial turbulence is
expected as the beads introduce an extra mechanism for the
dissipation of the turbulent kinetic energy (Owen, 1969). At
z/D=5.33, the axial r.m.s. fluctuations of the 80 um beads are larger
than that of the single phase and the gas phase in the presence of the
beads, which is explained by the fan spreading effect. The gas phase
turbulence is everywhere larger than that of the single phase for all
three mass loadings, which is similar to the observation for the
smaller expansion ratio and for the free jet flow.

The 80 pm beads have larger r.m.s. fluctuation values than the
single phase and the 40 pm beads, so it seems that they disperse



248

more. This unexpected result is an artefact of the presence of high
and low velocity beads at the same point in the shear layer. The large
axial velocities of the 80 um beads belong to the main jet flow and
have been transported there by the large eddies of the flow, while the
low axial velocity beads belong in the instantaneous recirculation zone
region and exist at the same position in the flow but not at the same
time. So the time averaged axial velocity probability function of the 80
um beads is bimodal over a large region of the shear layer of the flow
which is not observed for the single phase flow, where a skewed
velocity probability function was measured, or for the 40 um beads.
Figure 4.22 shows the velocity p.d.f. of the single phase flow and of the
40 and 80 um beads measured at z/D = 1.33 and for y/D = 0.24 in the
large expansion ratio. The width of the skewed p.d.f. of the 40 um
beads is smaller than that of the single phase as should be expected
for the beads which can acquire only a portion of the gas phase
turbulence.

The radial r.m.s. fluctuations along the centreline of the beads
were constant and are not presented here. At z/D=2.66, the mean
azimuthal velocity is zero for both the beads and the single phase,
figure 4.23(a). The azimuthal r.m.s. fluctuations have a maximum value
at the radial location where the axial r.m.s. fluctuations of the beads
have a maximum. However, the azimuthal r.m.s. is around 30% of the
single phase value, which is lower than the observed value for the 40
um beads by a factor of 10%, while the difference between the
response of the 80 and the 40 pum should be around a factor of 4, the
ratio of the relaxation times.

iii) Bead flux characteristics.

The centreline flux decay, figure 4.24, shows that the 80 pm
beads at this expansion ratio disperse faster for the higher mass
loading and relative to the smaller expansion. The flux decay of the 80
um beads is lower than that of the 40 um beads for the same
expansion ratio.

The radial profiles of flux show that the relative concentration
of 80 um beads in the recirculation zone is smaller than of 40 um.
The flux of the 80 um beads in the reverse flow region is small close
to the step and increases farther downstream, relative to the local
centreline value. This happens, because gravitational forces are
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important for the 80 um beads as the bead velocity in the recirculation
zone is approximately 1 m/s which is only twice their terminal
velocity. So the beads stop in their reverse flow movement due to
gravity before reaching the step. The profiles appear symmetrical in
contrast to those of the 40 pm beads and this is expected because the
turbidity effect on the measurements is smaller for the 80 um beads.
The radial profiles show that the relative number of 80 um beads in
the recirculation zone is larger for the higher mass loading, which
means that the beads for this case disperse faster and this agrees with
the centreline results although they could be some effect of turbidity
on the measurements. The radial profile of flux at z/D=5.33, figure
4.25(f), is further evidence that the 80 um disperse less than the 40
um beads, as the flux profile of the 80 um beads has a maximum at the
centre, a minimum in the shear layer and a second maximum close to
the wall which is always much smaller than the centreline value. This
does not happen for the 40 um beads which have a nearly flat profile
at the centre and the flux maximum is close to the wall.

c) Velocity characteristics of 200 um beads

The velocity characteristics of the 200 um beads are presented
in this section and indicate that they do not recirculate for either
expansion ratio. The particle relaxation time for the 200 um beads is
around four times larger than that of the 80 um beads and is enough to
prevent the 200 um beads from entering the recirculation zone at the
larger expansion ratio flow. This underlines the importance of the
particle relaxation time for the dispersion of the beads into the
recirculation zone. The centreline development and the radial
profiles of axial velocities for the smaller expansion ratio is presented
at the first subsection, followed by the centreline development for the
larger expansion ratio.

Expansion ratio of 3.33

i) Centreline velocities

Figure 4.26 shows the centreline development of the mean flow
of the 200 pm beads in comparison to the single phase flow. The
beads leave the upstream pipe much slower than the single phase, due
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to their inability to interact with the gas inside the tube as the small
Stokes number S_ = 0.0032. The beads at the larger mass loading,
58%, have slightly smaller velocity than at the lower mass loading at
the exit of the upstream pipe. It can be speculated that the bouncing
of the beads on the wall of the pipe (Boothroyd, 1971) is more
frequent for the high mass loading and causes the smaller bead
velocity at the exit. The velocity of the beads increases slightly up to
z/D = 2 because the air flow accelerates them. The decay of the gas
mean velocity is rapid after z/D = 2 and downstream of this point the
beads move faster than the single phase flow and their velocity decays
slowly after z/D = 4 as momentum is transfered from the beads to the
gas (figure 4.26(a)).

The axial r.m.s. fluctuations of the beads remain equal to the
value at the exit of the upstream pipe up to around z/D = 5 and
increases slightly farther downstream, due more to the fan spreading
effect than to response to the gas. The velocity fluctuations of the
beads at the exit of the upstream pipe are larger than these of the
single phase flow probably due to the bouncing of the beads on the wall
of the pipe. Also the velocity fluctuations of the beads are larger than
the single phase after z/D=5, due to their inertia, which makes them
maintain their initial values for a longer period.

ii) Radial profiles of mean and turbulent velocities.

The 200 pm beads do not enter the recirculation zone and the
profiles of their mean axial velocity are rather flat. The profiles at z/D
= 0.06 and at z/D = 8, figure 4.27, show that the beads at the lower
mass loading move everywhere slightly faster than at the high mass
loading. The 200 um beads do not reach the wall of the tube even at
z/D = 8, figure 4.27(b), as they disperse less than the 80 um beads,
which reach the wall at z/D = 5. The asymmetry observed with the 80
um beads is also present with the 200 pm beads.

Figure 4.28 shows that the profiles of the axial r.m.s.
fluctuations of the 200 pm beads at z/D = 0.06 and z/D = 8 are flat and
without influence of the mass loading. The r.m.s. fluctuations of the
beads are larger than those of the single phase at z/D = 8 due to the
fan spreading effect.
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Expansion ratio of 5

The 200 um beads do not enter the recirculation zone formed
by the expansion ratio of 5 and the results in the radial direction show
similar observations as for the smaller expansion. So only the
centreline development is presented here. Figure 4.29(a) shows that
the centreline velocity of the beads is again much slower than the
single phase at the exit of the upstream pipe, followed by modest
acceleration up to z/D = 1.5 and deceleration after z/D = 3, as the
beads move faster than the single phase after the fast deceleration of
the gas flow. The axial r.m.s. fluctuations of the beads, figure 4.29(b),
at the centreline are similar to these for the smaller expansion, and
there is no indication of better response of the beads to the gas.

d) Separation streamlines and zero velocity contours.

This section presents the locus of zero axial velocity for the 40
and 80 um beads and the separation streamline for the single phase
flow as well as the contours of the zero axial velocity for the gas phase
in the presence of 80 um beads. The modification of the gas phase
recirculation zone is quantified and the reattachment length of the
beads is presented.

The gas mass flowrate is a conserved quantity for the sudden
step expansion flow. Differences of the order of 15 % were found
between the air flowrate estimated by integrating the velocity profiles
and that measured by the rotameters and are due to the uncertainty
involved in the integration close to the wall. The gas flowrate
calculations show asymmetry of the flow of the order of 20% in the
worst case, which results in a reattachment length difference between
the two examined sides of the order of 15 % as can be seen from the
separation streamlines which are shown in figures 4.30 and 4.31 for
the two expansion flows. The length of the recirculation zone has
been measured by placing the laser Doppler probe volume as close to
the wall as possible.

The mass flowrate of the beads is not presented for reasons
explained in section 3 and the zero mean axial velocity contours for
the two expansion ratio flows for the 40 and 80 um beads are shown
in figures 4.30(a) and 4.31(a) and 4.30(b) and 4.31(b) respectively.
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The contours of zero velocity are also shown for the single phase and
the gas phase in the presence of the 80 um beads for the three mass
loading cases. The main difference between the behaviour of the 40
and 80 um beads is that the recirculation zone for the latter is shorter
for all the examined mass loadings. This suggests larger curvature of
the "streamlines” of the beads than those of the air flow and it is not
apparent what force would introduce this curvature. The recirculation
zone of the 40 pm beads is always longer than that of the single phase
by 15, 36 and 57% for the expansion ratio of 3.33 and 13, 23 and 50%
for the expansion ratio of 5 respectively for 13, 40 and 80% mass
loading. The recirculation zone of the 80 um beads with the larger
expansion ratio is shorter than that of the single phase by 20 and 10 %
for the 23 and 40% mass loadings respectively and the same for the
86% mass loading.

The gas phase recirculation zone in the presence of the 80 um
beads has been extended relative to the single phase for all three mass
loadings by more than 33 % for the larger expansion ratio and
between 10 and 40 % for the smaller.

4.4 Comparison between the centreline velocity of the free jet and the
expansion flows.

The effect of the expansion ratio of the flow on the centreline
development of the beads is examined here and compared to the free
jet results of chapter 3. The free jet flow can be considered an
extreme case of a sudden step expansion flow with the wall boundaries
being arbitrarily far away. The initial air flowrate and the geometry of
the upstream pipe for all three geometries was identical, so that
observed differences in the centreline development are due to the
interaction between the beads and the gas flow downstream of the
nozzle exit. The exit mean axial centreline velocity for each flow, U__,
is given in tables 4.2 & 4.3 for the two expansion ratios and in table
3.4 for the free jet, and there were used as normalisation parameters
for the single phase velocity profiles and the jet pipe diameter was
used to normalise the distance from the nozzle along the centreline.

The mean motion of the beads is affected more by the air in the
sudden step expansion flows than in the free jet. The inability of the
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beads to respond to the greater deceleration of the mean gas motion
in the expansion flows generatesllarger slip velocity between the two\)[a_
phases close to the nozzle. This results in an increased drag force
acting on the beads and decreases the slip velocity between the two
phases faster than in the free jet. The centreline development of the
single phase flow for the three cases is presented at figure 4.32(a) and
certifies the faster deceleration of the flow for the expansion flows.
The deceleration timescale is given by :

Thee = ( az (4.2)
and may be calculated from the measurements along the centreline.
Table 4.4 gives the deceleration timescales of the single phase flow for
the three arrangements at different distances from the exit of the
upstream pipe as well as the equivalent mean flow Stokes number,
which is defined as :

T

s = —dec (4.3)

m
T
P

and for S_| << 1 there is no response of the beads to the changes of

the mean flow, so the mean slip velocity between the beads and the
gas increases. The table shows that for the free jet and the 40 um
beads S > 1, so the beads always follow partly the mean gas flow
deceleration and the slip velocity between the two phases remains
small everywhere. In the expansion flows after two tube diameters
from the nozzle S, < 1, so the slip velocity close to the nozzle is
larger for the expansion flows but it is smaller far downstream. The
variation of the mean slip velocity along the centreline normalised by
the local mean velocity of the single phase, U_, for the two expansion
ratios and the free jet is shown in figures 4.32(b) and 4.32(c) for the
40 and 80 um beads respectively for the lower mass loading, so that
the gas flow can be considered unmodified relative to the single phase.
The figures show that the mean slip velocity for the expansion flows is
much larger than for the free jet close to the nozzle, but decreases
faster downstream and becomes smaller than that of the free jet for
the 40 um beads for the expansion ratio of 3.33. Similar observations
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can be made for the 80 pm beads, but there is some delay in the
development due to their larger inertia.

So in order to reach equilibrium between the two phases in a
required distance from a nozzle, the continuous phase should
decelerate rapidly as close to the injecting nozzle as possible and
generate a large slip velocity between the two phases, so that the
beads can rapidly lose their momentum. This has practical
implications for example, at a pulverised coal furnace, where the
reverse flow region in the burner, generates large slip velocity
between the two phases, which decelerates the coal particles quickly
and gives them more chance to burn in the recirculation zone, and
thereby helps the stability of the flame.

The axial r.m.s. fluctuations normalised by U_ _ are shown in

figure 4.33 and the single phase flow has larger maximum r.m.s. values
in the expansion flows than in the free jet. However, far downstream
from the step in the expansion flows the turbulence level is smaller
and the flows are more "lazy" so that the beads have more time to
respond to the flow. Thus the 40 um beads respond better to the gas
flow for the expansion flows, as their r.m.s. fluctuations are larger than
in the free jet, figure 4.33(b). Similar observations can be made for
the 80 pum beads, figure 4.33(c), although the changes between the
different flows are smaller due to the larger inertia of the beads. The
radial r.m.s. fluctuations are shown in figure 4.34(a) and (b) for the
single phase flow and the 40 pm beads respectively in the expansion
flows and the free jet and verify the large anisotropy of the axial and
radial direction for all the flows.

Finally, comparison of the flux half width of the 80 um beads for
the free jet and for the expansion ratio of 3.33, figure 4.35, shows that
the 80 um beads disperse faster in the expansion flow for mass
loadings (23 and 86 %).

The presented comparison of the free jet and the expansion
flows has shown that the larger deceleration rate of the gas flow at the
latter is an advantage in that it increases the response of the beads to
the mean and turbulent motion of the gas.
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4.5 Discussion

Three questions are addressed here. Do the beads disperse in
the recirculation zone due to turbulence or due to mean drag and what
parameters determine their behaviour ? Do they enter or leave the
recirculation zone at "preferred" locations ? How the gas phase
characteristics are modified by the presence of the beads during their
two-way interaction ?

The first question is considered by summarising observations
from the measurements. Two expansion ratios have been examined
and it has been shown that the 40 um beads respond to the
recirculation zone of the smaller expansion but the 80 um do not.
With an increase in the expansion ratio by a factor of 1.5, the 80 um
beads have been shown to enter the reverse flow region and the rate of
centreline decay of the flux of the 40 pm beads is larger, implying
wider dispersion of the 40 um beads relative to the smaller expansion
ratio. So it seems that the beads are more responsive to the larger
expansion ratio gas flow, but this does not imply that the larger the
expansion the better the particle dispersion, because in the limit of
the free jet the dispersion of the particles is smaller, as presented in
chapter 3. It was also found that the axial r.m.s. fluctuations of the 80
um beads in the shear layer, when responsive to the recirculation
zone, are larger than those of the 40 pm beads and the gas phase from
the wall region to the centreline and this is due to the bimodal form of
the velocity p.d.f. observed for the 80 pm beads.

There are three parameters affecting the behaviour of the beads
in the neighbourhood of the separation streamline and their relative
importance is not clear. Two are connected with the mean flow,
namely a "centrifugal" effect due to the curvature of the air streamlines
and the transit time of the beads along a distance equal to the
reattachment length and the third is connected to the flow
turbulence. The beads cannot enter the recirculation zone due to
their response to the mean radial velocity because of the shape of the
gas separation streamline. As can be seen in figures 4.30 & 4.31, the
gas phase separation streamline lies parallel to the wall of the tube
close to the step and its curvature gradually increases until the
streamline meets the wall at the reattachment location. Virtually by
definition of a separation streamline neither the gas nor the beads can



256

cross the separation streamline due to the mean radial motion. The
only available mechanism is turbulent transport and so the turbulent
timescale is important for the dispersion of the beads in the
recirculation zone.

The curvature of the gas phase streamlines is one of the
parameters influencing the trajectories of the beads, which are
centrifuged because of their inertia. The centripetal force acting on a
bead is due to the slip between the radial components of velocity of
the beads and the gas and is the source of beads' curved trajectories,
since the "buoyancy"” force due to the radial pressure gradient in the
air is negligibly small (Kriebel, 1961). The relative magnitude of the
centripetal force to the viscous drag force acting on the bead can be
estimated by the "centrifuge" Stokes number, defined as (e.g. Kriebel,
1961, Dring & Suo, 1978)

18
Su) = —u)_}(li_2 (4.4)
Pp @y

where Pp and dp are the density and the diameter of the bead and w

and p are representative values of the angular velocity of the air and of
its viscosity, respectively. Physically, this number represents the ratio
of the drag force on a stationary particle to the centripetal force
necessary for the particle to describe circular motion with the
azimuthal velocity of the gas. Appendix 4.A shows the estimate of
representative values of the radius of curvature of the separation
streamline and the angular velocity corresponding to the gas flow

velocity at the exit of the upstream pipe and the values of the

"centrifuge” Stokes number, S, are given at tables 4.5 & 4.6 for the

two expansion ratios and for 40 and 80 um beads. As S, decreases,
the bead departs from the curved path of a fluid element, here the
separation streamline, and generates an outwardly-directed drift
component of mean radial velocity. This is the basis for the earlier
argument that the beads cannot enter the recirculation zone due to
the drag from the mean slip velocity and proves that the beads cannot
have larger streamline curvature than the gas. The centrifuge Stokes
number for the 40 um beads, for all mass loadings examined here, is
of the order of 10, suggesting that the influence of the centrifugal
force on the behaviour of the 40 pm beads is small. For the 80 pm
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beads, S is of the order of unity and the effect of the centrifugal force

is not negligible. For the same initial velocity of the beads, the
centrifugal effect is more important for the smaller expansion ratio
due to the smaller radius of curvature of the gas flow streamlines there
and may be partly responsible for the unresponsiveness of the 80 pm
beads to the recirculation zone. However, the difference between the
centrifuge Stokes numbers for the two expansion ratios for the 80 pm
beads is of the order of 2, which is not sufficiently different to be
solely responsible for the responsiveness of the beads to the
recirculation zone of the larger expansion.

A second feature that is important for the beads is the mean

transit time Stokes number, Str, which is defined as :

S, = (4.5)

where T, is the transit time of the beads along a distance equal to the

length of the recirculation zone. Values of transit time and of the
equivalent Stokes number are given in tables 4.5 & 4.6, based on the
measured bead velocities along the centreline. For values of S, < 1

the beads do not have enough time to decelerate and the larger the
values of S, above unity, the more chance the beads have to respond
to the gas phase recirculation zone. Tables 4.5 & 4.6 show that the 40
um beads can interact with the gas flow during their transit time for
both expansion ratio flows. However, for the smaller expansion ratio
there is no time for the 80 um beads to be influenced, as their transit
time Stokes number is much less than unity and the measurements
confirm that they do not follow the recirculation zone. At the larger
expansion ratio flow the transit time Stokes number of the 80 pm
beads is of the order of unity suggesting that there is a chance for the
beads to respond to the gas phase and the results show that they
disperse into the recirculation zone.

The third parameter which is a measure of the response of the
beads to turbulence is the turbulent Stokes number, St, defined as :

t

t
p
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Here t_ is the timescale of the energy containing eddies of the gas flow

and Tp is the bead relaxation time as before. t, is the slowest timescale

of the gas flow to which the bead should respond to acquire
turbulence. The energy containing eddies (Stewart & Townsend,
1951, referenced by Batchelor, 1982, Townsend, 1979) contain about
one fifth of the total energy. Lumley (1978) suggests that for
homogeneous turbulence

where T; is the Lagrangian integral timescale. For shear layer flows, an
estimate of the timescale T, can be based on the length scale in the
cross-stream direction, L,,, and the r.m.s. value of the cross-stream
velocity u', (Tennekes & Lumley, 1972)

4 L
22
so finally
32 L
22
te = 3 u|2 (4. 9)

In the present recirculating flow, L,, is considered equal to 1/10 of
the step height, which corresponds to the width of the shear layer of
the radial profile of the axial velocity, and the r.m.s. value u'y equal to
the cross stream r.m.s. velocity v.', which is the equal to w/' in the

recirculation zone, where subscript s stands for the single phase. The
above relations were used to calculate the turbulent Stokes numbers

for the expansion flow as given in tables 4.5 & 4.6. The expectation is
that for S; > 100, the response of a particle to air turbulence is

excellent and that for S; << 1, there is virtually no response to the

turbulence of the air. So the 40 um beads, which for both expansion
ratios have turbulent Stokes number larger than unity, can respond to
gas turbulence but the 80 um beads can respond only to the gas
turbulence at the larger expansion ratio. This agrees well with the
results, although the value of the turbulent Stokes number and
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associated conclusions depend critically on the assumed value of the
length scale Ly,.

The above analysis shows that the turbulent and the transit time
Stokes numbers should both be greater than unity if the beads are to
enter the recirculation zone. These parameters are independent for
most practical applications and for example, in a pulverised coal
burner, the injection velocity of the coal particles (and their transit
time! can be modified independently of the turbulent timescale of the
flow .efined by the geometry of the burner. So particle sizes capable
of responding to the flow turbulence can be made to enter the
recirculation zone by increasing their transit time.

The timescale ratios examined here account for some of the
experimental results, but not for others, such as the bimodal velocity
probability function of the 80 um beads. It is therefore likely that
other parameters exist which are partially responsible for the
explanation of the observations.

Another parameter which could increase the dispersion of the
beads is the existence of relatively large amounts of energy at
timescales larger than that of equation (4.7), due, for example, to a
preferred frequency in the flow. It has been shown that such
oscillations exist in plane mixing layer flows and, for example,

Cherdron et al. (1978) found that in plane backward-facing steps there
f o

are low frequency oscillations with a characteristic Strouhal (= r{} )

[
number of 0.11. These low frequency oscillations can be partially
responsible for the dispersion of particles when their period is
comparable to the particle relaxation time. For the present flow, =
Strouhal number of 0.11 would lead to a period of 85 ms for the
expansion ratio of 5, assuming that the shear layer momentum
thickness, 6, is half the step height and a characteristic flow velocity,
U,, of 10 m/s, which is of the order of the 80 pm beads relaxation
time. A preferred frequency could also be the cause of the bimodal
velocity p.d.f. of the 80 pm beads. The low frequency motions could
thus transfer high velocity 80 pm beads into the recirculation zone or
low velocity beads, from the recirculation zone, towards the
centreline.

However, a more probable reason for the existence of high
positive-velocity 80 pm beads in the recirculation zone is the fan
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spreading effect explained in chapter 3 for the free jet. Figure 4.36
shows different trajectories of the 80 pm beads and involves eddies as
shown at the right side of figure 4.36, which have a certain lifetime.
Some of these eddies are large enough so that their timescale is
comparable to the bead relaxation time. Trajectories denoted by 1 in
figure 4.36 enter the reverse flow region with high velocities due to
interaction with the wall of the upstream pipe, but the number of
these trajectories is limited. Beads with trajectories denoted by 2
travel as straight lines, due to their inertia, between regions of the
flow where interaction with the "large” eddies, introduces a small v',

component and changes their inclination to the vertical direction.
v)
The angle of the trajectories is given by *arctan( —Ub—), where V', is the
b

radial r.m.s. fluctuation of the beads and Ub is the local bead mean axial
velocity. This is equal to +3° at the exit of the upstream pipe and
increases downstream, since Ub decreases and the interaction with
the large eddies of the flow keeps v', approximately equal to the value

at the exit of the upstream pipe. The trajectories denoted by 3 are
responsible for the large anisotropy existing between the axial and
radial r.m.s. fluctuations of the beads, as was explained in chapter 3.
Finally, trajectories denoted by 4 are beads which reach the wall and
are thrown out by the large eddies of the gas flow to disperse in the
recirculation zone upstream of the instantaneous reattachment
location. The combination of trajectories 1 or 2 and trajectories
denoted by 4 at the same point in the flow is responsible for the
bimodal velocity probability function of the 80 pm beads at the
neighbourhood of the gas separation streamline. Some of the
trajectories denoted by 4 can leave the reverse flow region and reach
close to the centreline with small axial velocity and are responsible for
the bimodal velocity p.d.f. there. Although the same mechanism
applies to the 40 um beads, it does not produce bimodal velocity p.d.f.
because of the initial mean axial velocity profile is not flat as for the 80
pm beads in the shear layer region (see figure 4.8(a)) and their smaller
inertia which allows them to decelerate faster and respond better to
the gas flow.

The second question, concerning the location where the beads
enter or leave the recirculation zone will be tentatively answered here
but more work is needed to provide a conclusive answer. The beads
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enter the recirculation zone close to the reattachment location and
then, as shown by flow visualisation, most of them concentrate close to
the wall region from which they are removed by the gas flow eddies as
shown in figure 4.36. The beads leave the recirculating region of the
flow by sliding down the wall, due to gravity.

The above explanation is supported by the following
observations. The dispersion of the 80 um beads in the larger
expansion-ratio flow is larger for the higher mass loading for which
the length of the gas recirculation zone is larger (figure 4.31(b)). This
causes more beads to enter the recirculation region relative to the
smaller mass loadings and smaller reattachment length cases. This
also implies that the bead flux into the recirculation zone is largest
close to the reattachment location. Two observations support the
argument that most of the beads leave the recirculation zone by sliding
along the wall; the increased mass flux of the beads near the wall
downstream of the recirculation zone and the positive mean velocity of
the beads close to the wall inside the reverse flow region. Flow
visualisation supports the above observations.

Finally the third question is about the modification of the gas
phase characteristics due to the two-way interaction existing between
the gas and the beads. The observations agree well with those of
chapter 3 for the two phase jet. The central part of the gas flow
accelerates relative to the single phase flow due to the higher inlet
momentum flux of the particle-laden flow, so lower gas velocities exist
close to the wall due to mass conservation, and this leads to an
increase of the length of the recirculation zone. So the reattachment
length increases with increasing mass loading, which is quite different
from the single phase flow, where the reattachment length is constant
and independent of the Reynolds number. This observation supports
the results of the calculations of Durst et al (1984). The increase in
the reattachment length increases the transit time of the beads and
the chances of the beads to respond to the recirculation zone. The gas
phase turbulence in the central region is reduced close to the inlet
relative to the single phase and is increased farther downstream and
this effect is more pronounced here than at the free jet. The gas
turbulence inside the recirculation zone is also reduced relative to the
single phase flow, but downstream of the reverse flow region is
increased close to the wall. So the modification of the gas phase
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characteristics due to the presence of the beads gives them more
chance to respond to the gas flow.

4.6 Conclusions

i)  This chapter describes the velocity and the mass flux
characteristics of the flows in round sudden step expansions with
ratios of 3.33 and 5 for three bead sizes (40, 80 and 200 um) at three
mass loadings for the same upstream pipe Reynolds number of around
13000. The corresponding volume fractions were always small so that
bead-bead interactions were negligible.

ii) The response of the beads to the corner recirculation zone existing
downstream of the step is characterised by Stokes numbers S, and S
based on the timescale of the energy containing eddies and the transit
time of the beads along the length of the recirculation zone
respectively.

iii) The centrifuging of the beads, as they try to follow the curvature of
the gas streamlines, is expressed as a centrifuge Stokes number and
suggests that the curvature of the trajectories of the beads cannot be
larger than that of the gas streamlines.

iv) The 40 pm beads respond to the recirculation zone for both
expansion ratios for all mass loadings. The axial r.m.s. velocity of the
beads is smaller than that of the single phase in the recirculation zone
and is always much larger than the radial r.m.s. velocity of the beads.
The length of the beads' recirculation zone is larger than that of the
single phase flow and increases with mass loading. The centreline
development is qualitatively similar to that of the jet and is affected by
the mass loading. Downstream of the recirculation zone the single
phase adjusts quickly to the pipe flow characteristics while with the
beads there is a "delay” which increases with loading. The flux of the
beads is largest close to the wall of the tube downstream of the
recirculation zone for both expansion ratios.

v) The 80 um beads respond to the recirculation zone only for the
larger expansion ratio. Their axial r.m.s. velocity in the recirculation
zone is larger than that of the single phase, in contrast to the 40 um
beads, due to the presence of high velocity beads at region with low
velocity, which give rise to bimodal axial velocity p.d.f.. The flux of the
beads remains larger on the axis than close to the wall at the last
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measured location, because their inertia delays their dispersion. The
length of the beads' recirculation zone is approximately the same as
that of the single phase flow.

vi) The length of the gas phase recirculation zone in the presence of
the 80 um beads increases as the mass loading increases. The gas
phase turbulence is reduced close to the inlet to the section and is
larger farther downstream relative to the single phase.

vii) The 200 pm beads do not respond to the recirculation zone for
either expansion ratios. Their initial velocity is much lower than that
of the single phase flow at the exit of the upstream pipe and increases
slightly in the downstream tube before starting to decay. There is no
effect of mass loading on the centreline velocity decay up to a loading
of 58 %.

viii) The rate of spread of the 40 um beads decreases with increasing
mass loading but the opposite happens for the 80 um beads. More 80
um beads disperse in the recirculation zone for the larger mass
loading, because the gas phase recirculation zone is longer relative to
the lower mass loadings and the transit time of the beads along the
reattachment length increases.

ix) Gravity acts against the reverse flow in the recirculation zone,
particularly for the 80 pm beads and its effects are important. It is
expected that, if the beads were injected vertically upwards, gravity
would influence the results in a different way and would help the
beads to enter the recirculation zone.

x) The beads enter the recirculation zone by crossing the gas
separation streamline close to the reattachment point mainly due to
response to the gas phase turbulence and partially due to the fan
spreading effect. The bead flux on the wall is continuously increasing
and the beads leave the recirculation zone by sliding down along the
wall.

xi) The "fan-spreading" model for the motion of the beads, chapter 3,
refers to straight line trajectories of the beads between interactions
with the large eddies of the gas flow existing in the neighbourhood of
the separation streamline, which results in beads crossing the

separation streamline. It accounts for the large anisotropy of the
beads close to the separation streamline, the paradoxical result of u'y

of the 80 pm beads being larger than u'; and the bimodal velocity p.d.f.

of the 80 um in the recirculation zone.
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TABLE 4.1

Flow conditions

EXPANSION RATIO EXPANSION RATIO

OF 5 OF 3.33

Parameters 40 pum 80 um 40 pm 80 um
Flowrate (1/min) 140 150 150 150
Diameters (mm) 7

initial tube 15 15 15 15

expansion tube 50 50 75 75
Bulk velocity (m/s)

initial tube 13.18 14.15 14.15 14.15

expansion tube 1.188 1.273 0.566 0.566
Reynolds number (-)

initial tube 13084 14047 14047 14047

expansion tube 3925 4213 2809 2809
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TABLE 4.2

Values of velocity and flux used to normalise quantities for the
expansion ratio of 3.33

For 40 um beads:

single phase flow:

-1
U om 15.9 ms
U, 1.188 ms™!
13% loading:
Gom 569. # 5”1 {area of measurement volume)}
-1
Uom’b 13.6 ms
40% loading:
Gom 869. # g1 {area of measurement volume}!
-1
Uom,b 13.2 ms
80% loading:
Gom 951. #g! {area of measurement volume}!
-1
Uom,b 12.9 ms

For 80 um beads:
single phase flow:

-1
U, 174 ms
U, 1.273 ms’!
23% loading:
G,, 127 # s°! {area of measurement volume}!
-1
Uom,b 14.5 ms
40% loading:
Gorn 214. # 5! {area of measurement volume}!
-1
Uom,b 14.3 ms
86% loading:
G om 387. # g1 {area of measurement volume)} !
U 13.5 ms™1

om,b



266

TABLE 4.3

Values of velocity and flux used to normalise quantities for the

expansion ratio of 5

For 40 ym beads:
single phase flow:

Usm 16.6

U, 0.566
13% loading;:

Gom  927.

Usmp 148
40% loading:

G,, 882.

Ump 144
80% loading;:

G,n 1273.

Usmp 13.8

For 80 um beads:
single phase flow:

Uom 16.6
U 0.566
(o]
23% loading:
Gom 587.
Uom,b 12.4
40% loading:
GOm 785.
Uom'b 12.3
86% loading:
Gom 1185..
U 11.7

om,b

#s1 {area of measurement volurne}'1

ms'1

# 5’1 {area of measurement volume}™!

ms-!

#s! {area of measurement volume}~1
-1

# s”! {area of measurement volume)} !

ms!

#sl {area of measurement volume}'1

ms !

# s’! {area of measurement volume}!

ms'1
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TABLE 4.4

Deceleration rates and mean Stokes numbers for free jet and
expansion flows

range of distances T

from the nozzle
(mm) (ms) (-) (-)

S, (40pm) S_, (80um)

Free jet flow

1.5-75 45.7 3.8 0.9
75 - 150 17.0 1.4 0.3
150 - 225 27.5 2.3 0.6
225 - 300 54.1 4.5 1.1
300 - 375 72.2 6.1 1.5
375 - 420 138.9 11.6 2.9

Expansion ratio of 5

6 - 30 477. 40.1 10.0

30 - 50 33.5 2.8 0.7

50 - 80 14.5 1.2 0.3
80 - 100 9.7 0.8 0.2
100 - 150 11.4 0.9 0.2
150 - 200 20.6 1.7 0.4
200 - 250 22.3 1.9 0.5
250 - 300 37.3 3.1 0.8
300 - 350 75.2 6.3 1.6
350 - 400 194, 16.3 4.1

Expansion ratio of 3.33

3-15 50. 4.2 1.0

15 - 75 20.2 1.7 0.4
75 - 120 9.2 0.8 0.2
120 - 160 15.2 1.3 0.3
160 - 200 16.9 1.4 0.4
200 - 220 22.4 1.9 0.5
220 - 250 73.6 6.2 1.5
250 - 300 218.3 18.3 4.6

300 - 350 2984. 250. 62.7
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TABLE 4.5

Stokes numbers for the expansion ratio of 3.33

40um-13% 7.4 22. 1.90 20. 1.72
40um-40% 10.3 27. 2.33 20. 1.72
40um-80% 13.7 32. 2.76 20. 1.72
80um-23% 1.0 15. 0.33 20. 0.44
80um-40% 1.3 17. 0.37 20. 0.44
80um-86% 1.9 23. 0.50 20. 0.44
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TABLE 4.6

Stokes numbers for the expansion ratio of 5

40um-13% 9.9 38. 3.28 48. 4.14
40pm-40% 11.7 41. 3.53 48. 4.14
40pm-80% 14.4 48. 4.14 48. 4.14
80um-23% 2.8 45. 0.98 48. 1.05
80um-40% 3.1 48. 1.05 48. 1.05
80um-86% 3.6 53. 1.16 48. 1.05
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APPENDIX 4.A

Curvature of the separation streamline of the expansion flow.

In order to calculate the curvature of the separation streamline,
it is assumed that the streamline is a sector of a circle, so its radius is
the radius of curvature of the separation streamline. This assumption
does not affect the conclusion because allows the estimate of the
relative change of the curvature between various expansion ratio flows.

The figure below shows the geometry of the step and the
separation streamline and radius of curvature r will be estimated.

The following relation estimates the radius r :
r? =X 2+ (r-H)? (A.1)

where X_ is the reattachment length and H is the step height. So the

angular velocity © can be estimated by dividing the axial velocity of the
free stream by the radius r and then the centrifuge Stokes number S .
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FIGURE 4.1 Experimental arrangement and coordinate system
used.
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FIGURE 4.2 Centreline profiles in sudden exdpansion ratio 3.33 for

40 pm beads for mass loadings of 13% (circle), 40% (triangle) and

80% (square) compared to the single phase; (a) mean axial velocity (U),
b) axial rms velocity (u'), ¢) azimuthal rms velocity (w') normalised

by the gas bulk velocity in the large tube, Uo.
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1.33 for 40 pm beads for mass loadings of 13% (circle), 40% (triangle) and 80% (square). Normalisation
is by the centreline flug, 6m.
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FIGURE 4.13 (Continue) Radial profiles of volume flux (6) in sudden expansion ratio of 5 at z/D =
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FIGURE 4.18 (continue) Radial profiles of volume flux (G) in sudden expansion ratio of 3.33 at z/D =
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for mass loading of 23% (circle), 40% (triangle) and 86% (square).
Normalisation is by the gas bulk velocity in the large tube, Uo.
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Figure 4.30 Contours of zero velocity for (a) the single phase and 40
um beads for mass loadings of 13, 40 and 807 and (b) the single and
gas phase and 80 um beads for mass loadings of 23, 40 and 86% and
the single phase separation streamline in the edpansion ratio of 3.33.
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Figure 4.30 Contours of zero velocity for (a) the single phase and 40
um beads for mass loadings of 13, 40 and 80% and (b) the single and
gas phase and 80 um beads for mass loadings of 23, 40 and 86% and
the single phase separation streamline in the espansion ratio of 3.33.



312

(@) expansion ratio of 5

—— U=0 single phase
—o— U=0 40 um - 13%
—x—U=0 40 um - 40%
—a— U=0 40 um - 80%
separation streamlin¢
single phase

Figure 4.31 Contours of zero velocity for (a) the single phase and 40
pm beads for mass loadings of 13, 40 and 80% and (b) the single and
gas phase and 80 pm beads for mass loadings of 23, 40 and 86% and
the single phase separation streamline in the expansion ratio of 5.
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Figure 4.31 Contours of zero velocity for (a) the single phase and 40
um beads for mass loadings of 13, 40 and 807 and (b) the single and
gas phase and 80 um beads for mass loadings of 23, 40 and 867 and
the single phase separation streamline in the exXpansion ratio of 5.
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CHAPTER 5

CLOSURE TO THE THESIS

5.1 Achievements and Conclusions

The following paragraphs refer to the main findings of the
thesis and thereby indicate the way in which the investigation has
advanced the understanding of the physics of two phase flows.
Contributions have been made in two areas : the instrumentation for
the study of two phase flows and the experimental investigation of two
simple particle-laden gas flows, a free round jet and a round sudden
step expansion. Detailed information concerning the findings and
conclusions has been summarised at the end of each chapter and is
not repeated here. Section 5.2 puts forward suggestions for further
work in both areas.

a) Instrumentation for two phase flows.

The potential of the phase Doppler technique for simultaneous
particle size and velocity measurements has been investigated as a part
of this thesis. The technique, which was suggested by Durst and Zaré
(1975), is based on the phase shift existing between two Doppler
signals observed at different positions in space. The theoretical
background has been studied and the experimental verification of the
theory was established. An instrument based on this sizing principle
has been built using the transmission optics of a laser Doppler
anemometry and collecting light at three different positions in space
using three photodetectors. The signal processing was based on a
zero crossing counter, which measures the frequency of the Doppler
signal generated by a particle present in the probe volume and the
phase shift existing between laser Doppler signals observed at
different positions in space.

The relation between phase shift and particle size has been
estimated from analysis of light scattering based on geometrical optics
and the phase shift between two Doppler signals found to be linearly
related to particle size, except for particles smaller than around 10
um. The main advantages over previous techniques, such as the
amplitude and the visibility of the Doppler signal, are the insensitivity
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to the turbidity of the flow, the ability to measure size-velocity
correlation in high number density two phase flows and the
independence of the theoretically calculated calibration curve to the
conditions during the measurement (such as beams passing through
optical windows or the power of incident laser beams). The only
disadvantage is its limitation to the sizing of spherical particles.

The effects of the beam intersection angle, the collection angle
and particle refractive index have been quantified. The collection
optics were positioned at an angle of 30° off axis in the forward
direction for the applications presented here, which was ideal for
detection of the refraction part of the scattered light, although
collection in the backscatter and sidescatter direction was examined
as well. Finally, it has been shown that the technique can be used to
measure the gas phase in the presence of glass beads, although with a
cross talk from the beads, which was quantified as around 7% of the
total measurements of beads during the sampling time.

The phase-Doppler technique has been used here for the
measurement of simple laboratory particle-laden gas flows, but it has
the potential to measure particle size and velocity under difficult
conditions in industrial applications.

b) Physics of two phase flows.

Experiments have been carried out in a particle-laden free jet
and round sudden step expansion using the phase-Doppler
instrument. The parameters of interest for the aerodynamic behaviour
of the beads are the particle size and the mass loading. Both
parameters influence the velocity characteristics of the beads and the
gas phase in the presence of the beads. Measurements of the mean
and variance of the axial and radial velocity and the correlation
coefficient were taken for the single phase fluid and the 40, 80 and
200 pm beads at various mass loadings, while the gas phase was
measured only in the presence of the 80 um beads.

The behaviour of the beads has been analysed in terms of the
Stokes number, which is defined as the ratio of the relevant gas flow
timescale to the particle relaxation time. It was found that for small
values of the turbulent Stokes number of the flow, entailing a very
small response of the beads to the gas phase turbulence, a large
anisotropy exists between the velocity r.m.s. fluctuation of the beads in
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the axial and the radial direction. The initial conditions of the beads
were found to be very important for the development of the beads'
velocity characteristics downstream, as their inertia makes them
maintain their conditions for longer periods of time than the gas. A
"fan spreading" model for the dispersion of the beads explains how
small response of the beads to the gas phase turbulence can result in
large axial r.m.s. fluctuations of the beads, while their radial r.m.s.
fluctuation remains very small. This interpretation is important to
those trying to evaluate complicated models for the prediction of the
behaviour of the dispersed phase in situations where this complexity is
not needed and their models are not properly validated.

In the round sudden step expansion, the influence of the
expansion ratio has been examined in addition to the particle size and
mass loading parameters. The modification of the expansion ratio
changes the timescales of the flow and this is important for the
dispersion of the beads in the reverse flow region. Both the 40 and 80
um beads enter the recirculation zone existing downstream of the
step in the expansion flow with ratio of 5, while the 80 um beads do
not enter the recirculation zone when the expansion ratio is 3.33.
The 200 pm beads do not enter the reverse flow region in either
expansion ratio flow. The relative importance of three processes,
namely transit time of the beads along the reattachment length, the
centrifugal forces on the beads due to the streamline curvature and
the turbulent timescale of the flow, has been found to be responsible
for the dispersion of the particles in the recirculation zone. The "fan
spreading"” model is valid here also and explains the large anisotropy
existing between the axial and radial r.m.s. fluctuation of the beads at
the neighbourhood of the separation streamline.

The effect of the particles on the gas phase is more pronounced
as the mass loading increases and the interaction between the gas and
the particles becomes "two way". The mean axial velocity of the gas
phase is modified due to the momentum transfered from the particles
to the gas and is larger relative to the single phase at the centre and
lower at the edge of the jet or close to the wall of the downstream
tube at the expansion flow. The gas turbulence characteristics are
modified and the influence varies at different locations in the flow and
turbulence is reduced close to the nozzle and increased farther
downstream for both examined flows.
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The experimental results are valuable for comparison to the
predictions of the flows as there are only few measurements available
in two phase flows and especially in recirculating flows. The fan
spreading model suggested for the dispersion of the particles and the
modification of the gas phase characteristics may have implications for
the two phase flow modelling.

5.2 Recommendations for further work.

The need for reliable instrumentation for simultaneous size-
velocity measurements in two phase flows has always been a drawback
to the understanding of the physics of two phase flows. The
contribution of this thesis on the instrumentation opens possibilities
for research in two phase flows, with the limitation that the particles
involved should be spherical. Some practical applications ideal for the
technique are the liquid fuel gas turbine combustors or the Diesel and
petrol injection internal combustion engines where it can provide
results to check the performance of the injectors, to establish the
aerodynamic behaviour of droplets in complex flows and to study the
droplet evaporation and combustion.

Further information about the performance of the technique in
the backscatter direction is required, in order to measure in flows
where access in the forward direction is impossible, e.g.
measurements in the flame of a large furnace. Also, the extension of
the technique to size spherical particles using the reflection part of
scattered light by collecting light at sidescatter direction is useful for
many applications. For example, bubbles scatter mainly reflected light
from their surface and their size is important for cavitation studies and
for chemical processes studies (electrolysis).

The measurement of the flux and concentration of the
dispersed phase is important and its accuracy when measured by the
phase-Doppler technique should be evaluated. However, zero-crossing
counters reject noisy signals due to the frequency validation scheme
and this can affect the accuracy of the flux and concentration
measurements. For this reason, instruments measuring the frequency
and the phase by fast Fourier transform techniques, which can
measure in low signal-to-noise ratio situations (Lading et al, 1988),
may be useful if they can measure fast enough. Further research is
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needed on the development of such instruments and their
performance to be evaluated.

The technique might be extended to size non-spherical
particles by collecting light in forward direction close to the axis,
where the diffraction part of the scattered light, which is independent
of the shape of the particles, is dominant. The phase Doppler
technique can be thought as an extension of the visibility technique
(Bachalo, 1980). The visibility technique based on diffraction is valid
in forward scatter (Farmer, 1972), so that the phase of the diffraction
part of the scattered light (Jones, 1974), which is either 0° or 180°, is
related to particle size and the 'mask-space ratio' pattern might give
information on the size of the particles. The only question is whether
the number of photodetectors needed to resolve the spatial pattern of
phase (0° or 180°) is sufficiently small to be realistic.

Turning to the physics of two phase flows, the limitations of the
"fan spreading” model should be established and requires an
experimental investigation of jet flows with exit mean Stokes number
of the order of unity and turbulent Stokes number around unity. The
application of the model to more complicated flows and its application
to the prediction of the behaviour of the particles there should be
examined.

The velocity characteristics of the particles at the exit of the
upstream pipe were found to be important for their behaviour
downstream. It is unlikely that in any practical application the initial
conditions will be known and it is quite common for the dispersed
phase to be injected into the flow from a pipe. The understanding of
the flow of particles within a pipe flow would be important for the
prediction of the pipe exit flow and hence for the flow downstream. It
has been argued in chapters 3 and 4 that the beads acquire similar
radial r.m.s. fluctuations, v', to the gas at the exit of the upstream pipe
due to their bouncing on the wall of the pipe rather than response to
the gas turbulence. Investigations in pipe flows, such as Tsuji et al
(1982) & (1984) and Govan et al (1989), support the above arguments.
However, the effect of the flow Reynolds number, the length and the
diameter of the pipe on the behaviour of the particles is not clear and
should be investigated in the future.

In the discussion of chapter 4 it was argued that the bimodality
of the velocity p.d.f. of the beads in regions of the sudden step
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expansion flow is due to the presence of large scale structures in the
shear layer and in the vicinity of the stagnation point and the
existence of such structures in the neighbourhood of recirculating
flows has been reported by many workers (e.g. Schefer et al, 1987 for
a bluff body combustor). This behaviour of the particles should be
examined in other recirculating flows, such as swirl stabilised burner
arrangements. Since the dispersion of particles into the recirculation
zone is important for stable combustion of liquid and solid fuels and is
sometimes due to the larger scales of the flow (Chung and Troutt,
1988 and Kamalu et al, 1989), the turbulent length scales of the gas
flow in the vicinity of the recirculation zone and the stagnation point
should be investigated by two point correlation measurements because
this will lead to better modelling of the continuous phase.

For flows with mean exit Stokes number smaller than unity a
mean slip exists between the gas and the particles, so that the
modification of the gas mean axial velocity influences the gas phase
turbulence and it is difficult to show the influence of the presence of
the particles on the gas turbulence. It has been argued here that the
increase of the gas phase turbulence far from the jet nozzle was
because of the production of turbulence by the increased mean rate of

oU
strain, _8r—f In order to avoid this effect and establish the net

influence of the presence of the particles on the turbulence of the
continuous phase, measurements are needed in jets where there is no
mean slip between the particles and the continuous phase. This
seems possible only in dispersed two phase flows with exit mean
Stokes number around unity which affects also the turbulent Stokes

number and it can be found by using equation (B.8) in Appendix 3.B
that an exit mean Stokes number S, = 2 gives a turbulent Stokes

number S; around unity at a distance of 10 nozzle diameters from the

exit of the jet. However, such an experiment should be carefully
planned so that the upstream pipe is long enough to avoid a lag
between the particles and the continuous phase at the nozzle of the
jet.

The suggestions for further work, as well as the work of this
thesis, reflect the opinion that carefully selected instrumentation for
experiments in simple flow configurations can achieve an engineering
understanding of turbulent flows and suggest ways for better
mathematical modelling.
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