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ABSTRACT

Simultaneous measurements of both the carrier gasep
and the dispersed particulate phase were carriethside

a curved 99 duct bend. These measurements were
undertaken in order to investigate the effects iiitel
turbulent particulate flows on the gas phase arak vi
versa. The investigations were carried out expartally

in the Advanced Laser Diagnostic Laboratory at CSIRO
Division of Minerals using 2D Phase Doppler
Anemometry (PDA). The main objective of the current
study is to decipher the effect of streamwise aadsiverse
velocities of the particles on the gas phase. $tidy has
also been carried out with the view of obtainindgpust
experimental data for developing (and validatinghuaiate
CFD models. Glass spheres with mean diameter of 77um
were used to represent the solid phase, while &éneec
gas phase has a working Reynolds numb&eof.0 x 168
(bulk velocity U,=10ms'). The gas phase results were
analysed as both clean gas (without any particies)
unclean gas (with particles). The unclean gas tesudre
separated from the particles based on their sidesipost-
processing step of the laser data. It is obserhatl the
streamwise and the transverse velocities of théeangas
phase ‘lagged’ behind the clean gas velocities fthm
mid section of the duct towards the inner bend .wlKo,

the same feature is observed along the vertical past
the 90 bend. This phenomenon is mainly attributed to the
effect of the particles drag on the continuouspjesse.

NOMENCLATURE

D duct height, m
bulk velocity, m&
U mean streamwise velocity, s

V  mean transverse velocity, s

Re Reynolds number

r distance from the outer wall, m

r* dimensionless distance from the outer wall
S Stokes number

t, particle relaxation time, s

ts  time characteristic of fluid motion, s

6 angle along the bend, degree

X

INTRODUCTION

Dilute gas-particle flows are encountered in a ead
naturally and artificially occurring flows. Induihy
occurring gas-particle flows have been a subjeattefest

to scientists and engineers for decades as theg hav
widespread applications in chemical and mechanical
processing industries. The behaviour of the pasicl
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amidst the gas phase is a deterministic factor iat af

design engineering problems, as the addition othemo
phase (particles) causes a well marked changeeinvély

the carrier phase behaves.

Gas-solid flows have many applications in chemifzid
processing, pharmaceutical, cement and power iridsist
In many of these industries the gas and the sald a
conveyed in large ducts with velocities rangingnfra0-
25ms' and with a wide range of solids loading ratios’ 90
bends are often used to change the direction skth&o
phase flows, and to save space given the complexity
these operating plants. Flows within curved bends a
quite complex and are characterized by a strekk igh
stabilizing effects near to the inner-radius and
destabilizing effects close to the outer radiusr{ighrey

et al, 1981). In fact they are well known to crefitav
problems, even in single phase flow (Bilirgern & kev
2001). Addition of another phase within these beads
set to changes the entire flow features, leadinghto
formation of a ‘so called’ third phase due to tlping
characteristics of the particles (Yilmaz & Lev®).

Non-intrusive two-phase laser studies in curvedtsluc
were first carried out by Kliafas and Holt (198Detailed
LDV studies were carried out by them in a square
sectioned 90 vertical to horizontal duct bend.
Simultaneous measurements of the mean streamwike an
radial velocities and the associated Reynolds &sessre
made at 15 planes, two Reynolds numbers and twizleart
sizes. This was done in order to directly benéf# targe
scale coal gasification plants, where these berglsised
quite often. However, both the phases were measured
separately owing to a dilute particle concentratiorthe
flow. The pneumatic conveying through various pipe
elements and configurations was also studied inildey
Huber and Sommerfeld (1994) using the PDA technique
They concluded that besides the non-uniformity he t
particle concentration, a bend causes considepabtele
segregation, which again is more pronounced foretow
superficial gas velocity and higher particle loadiAs the
solids and the air flow past the bend, the pagiténd to
locally concentrate within the elbow, mostly withihe
outer section of the elbow bend. This feature issed by
the inertial and the centrifugal forces acting dre t
particles once they flow past the bend giving risea
feature called ‘particle roping’. This feature riésun the
velocity of the particles to be reduced by one loélthe
mean gas velocity along with relatively high pdetic
concentration (Yilmaz & Levy, 2001). In coal firgdwer
plants the roping phenomenon is responsible fow flo



control and measurement problems and it is widely
attributed to be a limiting factor in the abilitgy teduce
NO,, and combustion efficiency (Yilmaz & Levy, 1998) .

Yang & Kuan (2006) carried out experiments of dilut
turbulent particulate flows inside a square ducgf
bend. Their main aim was to investigate the presefco
called ‘particle ropes’ at low mass loadings (isolids
mass loading <0.1) which is quite typical in dilutell
duct system. They concluded that the high turbwdenc
intensity in the early part of the bend is duehi® frequent
particle-wall collisions, which in turn was due the
presence of a high particle concentration regiof teethe
outer wall. This led to the formation of ‘partictepe’
structure.

Numerical simulations using a Lagrangian particle
tracking approach were carried out by Kuan et 2007)

to validate the experimental data of Yang and Kuan
(2006). Numerical simulations were also carriedmufu

and Fletcher (1995) in a 9®end using an Eulerian two-
fluid model. In their study mean streamwise velesitof
clean gas and particles were compared against the
experimental data of Kliafas and Holt (1987). Stmeése
fluctuating velocities of clean gas were also coraga
against the experimental data using standard an®G RN
based ke model. Later the same model was extended to
predict the particle fluctuation by Mohanarangamakt
(2007).

In all of the above mentioned numerical studiesivling
accurate predictions from the inner to the middietisn
of the bend radius was rather cumbersome. Thisaialy
due to the preferential concentration of the plagiat the
outer bend. In fact most of the experiments wergiezh
out by measuring only the gas phase or only thécpdate
phase. The main drawback of this procedure is tfeete
or changes the particles impart on the gas phatsgaity
lost, especially near the inner wall of the benderghthe
particles are least present. In order to allevities
problem, the researchers in this current paper uneds
simultaneously the gas as well as the particleaéeurate
CFD model could then be developed to replicate the
measured ‘unclean’ gas velocities, which curremtbst of
the numerical models fail to capture.

In this paper similar experiments to that of Yand<&an
(2006) were carried out, with a higher mass loading

still less than 0.1. This was done deliberatelypider to
establish a healthy two-way coupling between the
continuous and the dispersed phases. The current
experiments were carried out specifically to stute
effects of the particles on the streamwise andstrarse
gas velocities inside the curved°®9Bend duct. The gas
velocity profiles across the vertical centre plasfethe
duct at various locations were measured with (warcle
gas) and without (clean gas) the presence of tmedied
particulate phase by using Phase Doppler Anemometry
(PDA).

EXPERIMENTAL APPARATUS

As described in Yang & Kuan (2006), all experiments
were carried out in an open-circuit suction windrtel
system. The 156150 (mnf) square test section was
constructed using 10mm thick Perspex, and consisted
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3.5m-long horizontal straight duct, a curved 8@nd with
a radius ratio of 1.5, and a 1.8m-long verticaigint duct.

Figure 1 shows the geometry of the curved ®&@nd,
where simultaneous two-phase velocity measurements
were taken at I5interval within the bend, followed by
several sections along the vertical duct. However,
experimental results in only a few sections arergal in

this paper for brevity.

150X150 mm
Cross-section

0=0°
Entrance

Figure 1. Geometry of curved 9(bend test section

All results presented in this paper were obtainét te
bulk gas velocity of 10ms and the turbulence intensity at
the centre of duct cross section 10D upstream et
bend was at 1%. The Reynolds nhumiiRe)(based on the
bulk velocity, hydraulic diameter of the squaredsy
section and kinematic viscosity of air was 1.0 X. Ithe
solid particles used in the study were glass spheith an
average diameter of jim. A twin-screw gravity particle
feeder was utilised to inject the solid particlesoi the
wind tunnel system at a constant flow rate. Thalisge
particles for the air flow was a fine mist of sugarticles
generated by a TSI six-jet Atomizer from a 5% sugar
solution.

PDA TECHNIQUE AND UNCENTAINTY

Phase Doppler Anemometry is an extension of Laser
Doppler Anemometry (LDA) and can be used to deteemi
not only the particle velocity which is proportidria the
Doppler shift frequency of the scattered light, blso its
size based on the fact that the phase shift oDityepler
bursts between two or more photomultipliers
proportional to the particle diameter (Durst & Zat875).

is

In this investigation, a TSI-Aerometrics 2D LDA/PDA
system was utilised to obtain velocity and partisiee
measurements. This system incorporates a 5W Ar-lon
laser together with a fibre optic system includiag
transmitting probe of focal length 250mm and a iréog
probe with a front lens of focal length 500mm. HBystem

is capable of measuring two velocity components taied
particle size simultaneously. For the particle size
measurement, an optimum collection angle between th
centrelines of the transmitting and receiving psobaist

be set depending on the refractive indices of #mtigles
and the medium, as well as the choice of the PDA
operation mode between reflection and refractiar. the
sugar mist seeding particle and the glass beadkinghe



experiments, light refracted through the partialethe
forward scatter region produces the highest sizing
sensitivity, therefore the arrangement of a typical
collection angle of 30for forward scatter in the refraction
mode was used in the particle size measurements.
Moreover, for the current optical arrangement the
measurable particle diameter range was betweepn0.5
and 11@m, which is sufficient for the simultaneous
measurement of the gas phase seeding particleshand
dispersed phase particles.

During the experimental measurements, the mean
velocities and sizes of the “clean” gas phase \iiesdy
obtained without the presence of the dispersedctest
and then simultaneous measurements of the “unclgasn”
phase and the dispersed particulate phase wereped.

By the reference of the size measurements of theaf¢l
gas phase, the velocity information of the “unclegas
phase was separated from the simultaneous measuseme
of both phases at each measuring point. In ordebtain

a reasonable statistical average velocity measurgnae
minimum validated sample size of 5000 was set &mhe
measuring point.

There are several sources of errors involved usitegy
PDA technique for the simultaneous two-phase
measurement. The typical hardware and optical eyt
errors of the current PDA system were estimatezbasgor

the velocity measurements and 4% for the particde s
measurements. Another common error using the PDA
technique arises from the cross-talk between the tw
phases in which the gas seeding particles andisherded
particles may be incorrectly indentified. Moreovéng
variable sampling size and particle concentratietwben
different measurement locations may cause someserro
As a consequence, the total uncertainty estimateshé
current study were 4% for the velocity measuremants
8% for the size measurements respectively.

RESULTS AND DISCUSSION

Time-averaged PDA measurements of both the ga# (wit
and without the particles) as well as the particlese
obtained in the course of the experiment. The sivése
(U) and the transvers&) velocities were measured along
the mid-plane of the duct geometry. The above nredsu
quantities are plotted throughout the paper usinmr:
dimensionalised distance from the outer wall r*ichhis
given by r*=r/D. So r*=0.0 represents the outer lvaaid
r*=1.0 represents the inner wall of the bend geoynet

Changes caused due to the presence of the paitidies
gas streamwise and transverse velocities are ahlys
order to carry out this investigation, the meaeamwise
and transverse velocities of the clean gas phagbot
the particles) have been plotted with the corredpan
unclean gas (with the particles) phase velocitielgures
2-5. The mean particulate phase velocities forciimeent
experimental geometry have already been published b
Yang & Kuan (2006), and so have not been plotteg.he
The clean gas phase velocities are shown by thideginf
circles, while the unclean gas is depicted usirgyfilted
circles. These velocities have been normalizednagaie
mean streamwise bulk velocity 0f=10ms".
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Figure 2 shows the mean streamwise velocity pfile
the gas phase with (unclean) and without (clea®) th
particles, at six locations through the bend. Alet
sections except P5have been shown as there was a
meagre difference between bend sectiorfsah®l 30. It is
seen that the velocity at the entry of the bend (®
already affected by the presence of the bend;dhisbe
easily seen as the flow tries to accelerate withiggner
velocity near the inner wall of the bend, setting a
velocity gradient along the transverse sectionhefduct.

A steady acceleration of the flow is seen for bibih gas
states along the inner wall of the experimentalngetoy.
The maximum streamwise velocity occurs close to the
inner wall at the 45section where ©0.9. It can be seen
all along the bend geometry, the gas at the innall w
travels at a higher velocity in comparison to thiéeo wall.

At section0=0" it is observed that there is little or no
increase in the mean gas velocities for the unaigenfor
r*<0.5. However, for r*>0.5, the unclean gas velies lag
behind the clean gas velocities. The same phenamisno
also observed fo6=30°. As r* increases the unclean gas
shows an increase in mean velocity followed by alkm
region of no change and then a significant decrease
0=45° and 60° this difference is felt even soonrtiag
from r*~0.4 radially. At6=60° for a small section near the
inner wall the unclean velocities seem to decrease
magnitude and fall in line with the clean gas vitles.
This feature is more pronounced for sectiorg5° and
90°. The maximum difference in mean streamwise
velocities of 0.28, between the clean and the unclean gas
occurs at the entrance of the bend near the ina#r s

the flow travels through the bend it loses its motam
near the inner wall, while gaining near the outallwlhis
behaviour is attributed to the flow separationtet inner
wall, which arises as a result of the adverse press
gradient found typically in curved bends.

Figure 3 shows the transverse velocity profilesclefan
and unclean gas through the bend. Throughout thd be
except at the entrance, the transverse velocities a
negative i.e., directed towards the outer wall efEhis not
much change between the clean and unclean gastiedoc
at the entrance of the bend, with some slight chang
present near the inner wall. 8£3C°, the change is more
pronounced between the clean and the unclean gas. T
region near the outer wall (r*<0.2) shows littleadige to
the presence of the particles, while as r* increasiee
change is more distinct, starting from r*=0.4. Sami
observations can be madeda#5’. The point of change in
the unclean gas as r* increases is in line with the
streamwise gas velocities, showing that the presehthe
particles have distinct effect on both the streasawas
well as the transverse velocities. Further intolibad, at
sectionsb=60°, 75’ and 90, the velocity of the unclean
gas shows distinct differences in magnitude from it
counterpart clean gas. It is also noted that theran
increase in the tendency of the flow to move towatte
outer wall, as increases, with the maximum difference
between the clean and the unclean gas to be 04083
occurring at the exit of the bend sectio®=a90".

Figure 4 shows the mean streamwise velocities edircl
and unclean gas along the vertical duct past thd.deour
sections at x=0.5D, 1D, 3D and 9D have been predent
It can be seen at x=0.5D the velocity magnitudeeisy
uneven. This is because of the separation thab¢msred



in the inner section of the bend due to the adversssure
gradient. This phenomenon is pronounced until x=9D
where the flow has fully recovered from the flow
separation and almost assumed a fully developdafemt
channel flow behaviour. At x=0.5D (just downstreamm
the bend) the unclean gas lags the clean gas mghr b
walls, while the reverse is true for r* between arfl 0.8.
The 1D and 3D sections also show a mixed behaviour
along the cross-section of the duct. At x= 9D, whiéow
has fully recovered from the pressure gradientsetiee a
minor change in the magnitude of the unclean gas al
along the height of the section, with the uncleas g
velocity lagging behind the clean gas.

Figure 5 shows the mean transverse velocities albag
vertical duct of the geometry past the bend. Taesverse
velocities are negative signifying that the flow ssll
directed towards the outer wall of the bend. It &
clearly seen that the velocities at x= 0.5D andat® still
recovering from the flow separation. On the locasib it

can be seen that the unclean gas flow decreases in

magnitude (with less tendency to move towards tltero
wall) for r*<0.6 at x=0.5D, above which there isx®id
behaviour near the inner wall. A similar change Xei.D
occurs at r*<0.5. At x=3D there is an almost unifoand
constant change for al r*. The same behaviour $® al
evident at x=9D; however the change in velocity
magnitude is quite small.

Effect of Particles on the Mean Gas Vel ocities:

It can be summarized that the mean flow in theastrise
direction slows down through the bend near the rinne
wall, while it more or less remains unchanged rtbar
outer wall. The same holds true for the mean trarssy
velocities. Along the vertical duct past the bertde
streamwise velocities are seen to recover fronpthssure
gradient effects of the bend with the developménthe
flow (magnitude) from the inner to the outer walltbe
bend as x increases. The transverse velocitieveees x
increases with the majority of the flow directedvéwds
the outer wall of the bend. Throughout the bendiels as
the vertical section after the bend a marked diffee can
be seen between the clean and the unclean gas.
behaviour of the unclean gas phase velocities edrelter
explained with definition of Stokes numbe®t)( Stokes
number is an important dimensionless parameter in
defining how particles behave with the gas flovidfidt is
given by the ratio of the particle relaxation tine a
characteristic time of the fluid motion, i.&,= ty/ts This

in turn determines the kinetic equilibrium of tharticles
with the surrounding fluid. In choosing the appiaf@
fluid time scalets, the inlet height of the duct is taken as
the length scale, which is also the span-wise widtthe
test section. The resulting time scale is givertsbp/U,.

The major implication of the Stokes number is that
particles with a small Stokes numb&<<1) are found to
be in near velocity equilibrium with the surrounglin
carrier fluid, making them extremely or totally pesisive

to fluid velocity fluctuations. In fact, this featihas been
exploited in LDV/PIV/LDA, where particles are used
tracers to follow the flow field, including the &nmist of
5% sugar solution from the atomizer used in oudstto
measure the gas phase velocities. However, pegtigith

a larger Stokes numbe®$>1) are found to be no longer
in equilibrium with the surrounding fluid phasethsy are
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unresponsive to fluid velocity fluctuations and ytheill
pass unaffected through eddies and other flow tsires,
with a possibility to modify them. Based on the abov
definition, the Stokes number for the particles sidered
in this study is 3.25.

From the Stokes number definition, one can dedhaé t
the particles used in our experiments are no loniger
equilibrium with the surrounding gas. They behave
somewhat independently of the gas phase in both
streamwise and transverse velocity directions. Depeg

on the section within the bend they may move fas$tan
the gas phase or may lag behind the gas phasen@iage
on the movement of the particles they setup slipoites.
These slip velocities in turn give rise to partidiag. The
gas phase which is embodied with these partictese |
some of their velocity trying to overcome this drddis
helps to explain why the unclean gas in majorityhef test
section lag behind the clean gas which has nogbestin

it.

CONCLUSION

Simultaneous measurements of both the gas and solid
phases in a dilute turbulent two-phase flow sydtesite a

90° duct bend have been successfully investigatece Siz
discrimination technique using a PDA was used to
separate the gas from the particulate phase. Stisam
and transverse velocities of clean gas (without the
particles) and unclean gas (with particles) wenmgared
along various sections of the bend and the vertcat
past the bend. It is concluded that the mean wéscof

the unclean gas lagged behind the clean gas asdvids
mainly due to the effect of particle drag or thetpaf
energy spent by the gas phase moving the partidtai

its flow field. The current experimental data canused to
further enhance CFD models, to aid better prediatiear

the inner wall of the bend by establishing an ¢ifectwo-
way coupling between the gas and the particulatsgh
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Figure 4. Mean streamwise velocities of gas with and withmarticles. Four locations along the downstreamicadrtiuct
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Figure 5. Mean transverse velocities of gas with and wittgarticles. Four locations along the downstreamicadrtuct
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