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Abstract

An experimental and theoretical study of the tramspf mineral wool fibre agglomerates in nuclear
power plant containment sumps is being perform&dacetrack channel was devised to provide data
for the validation of numerical models, which amgtended to model the transport of fibre
agglomerates. The racetrack channel provides ung@form and steady conditions that lead to either
the sedimentation or suspension of the agglomera¥esious experimental techniques were used to
determine the velocity conditions and the distiifrutof the fibre agglomerates in the channel. The
fibre agglomerates are modelled as fluid partictethe Eulerian reference frame. Simulations ofepur
sedimentation of a known mass and volume of agglatioms show that the transport of the fibre
agglomerates can be replicated. The suspensioheofilires is also replicated in the simulations;
however, the definition of the fibre agglomerateagh is strongly dependent on the selected density
and diameter. Detailed information on the morphglof the fibre agglomerates is lacking for the
suspension conditions, as the fibre agglomerateg umalergo breakage and erosion. Therefore,
ongoing work, which is described here, is beingspad to improve the experimental characterisation
of the suspended transport of the fibre agglomsrate

1. INTRODUCTION

Loss of coolant accidents in the primary circuitppéssure and boiling water reactors can cause the
damage of insulation materials that clad adjacenttures. These materials may then find their way
to the containment sump where water is drawn ih® ECCS (emergency core cooling system).
Strainers in the containment sump may become bib¢kher partially or fully) by the insulation
materials. The consequences of such blockagemaremased pressure drop acting on the operating
ECCS pumps. If the strainers are partially blocksdaller particles can also penetrate the strainers
These smaller particles can therefore enter thetoeaoolant system and then may accumulate in the
reactor pressure vessel. Knowledge bases and hapkgsee relevant OECD and NUREG reports in
the references) describe some of the researchtisdinto the effect that debris has on the ECCS.

Note that the adequate modelling of flow phenomartae containment sump has been considered in
a single-phase reference frame in combination witibabilistic risk assessments (Detar et al 2008,
Lee et al. 2008, NUREG/CR-6773, Seo et al. 208®)wever, this introduces significant uncertainties
into the assessment of the quantity of debris thay reach and penetrate the sump strainers.
Therefore, multiphase flow models of submerged idebsinsport through the sump may reduce such
uncertainties.
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Fig. 1: Plan of the racetrack type channel; thesdie on the origin and the vertical componeit is
1.1 Joint Research Project

An experimental and theoretical study that conegesr on mineral wool fibre transport in the
containment sump and the ECCS is being performedper et al. 2009). The study entails the
generation of fibre agglomerates by high-pressteans jets and the assessment of the transport of
such agglomerates in single and multi-effect expenits.

The experiments include measurement of the terngatilling velocity, the strainer pressure drop,
fibre sedimentation and resuspension in a charloal, fiet flow in a rectangular tank and the
importance of chemical effects on any filter catarfed on the strainer. An integrated test facibty
also operated to assess the compounded effectbeoischle of the containment sump and any
accumulation of fibres that may occur in a fuekasily.

Each experimental facility is used to provide datathe validation of equivalent computational flui
dynamic and system models in order to develop @genmodels that characterise the typical
phenomena in loss of coolant accidents in the oegectmary circuit (Krepper et al. 2009). The focus
of the studies described here are the experimemfsrmed in a racetrack type channel that is used t
examine the sedimentation and suspension of filjgeomerates in a horizontal flow.

2. EXPERIMENTAL DESCRIPTION

The measurement techniques and experimental stpdifsrmed on the flat racetrack type channel
are described below.

2.1 Geometry

The racetrack type channel used here has a chasufibl of 0.1 m, a depth of 1.2m, which is filled
with deionised water to a depth of 1m. The lendtlthe straight sections is 5 m (Fig. 1), while the
bends have a radius of 0.5 m. The water flow igedriby two slow moving impellers (Type: EMU TR
14.145-4/6, WILO EMU GmbH) that drive the liquid &tlocities between 0.01 and 1.0 th sNote

that the channel is expanded to 0.2 m in ordectoramodate the pumps. The walls are constructed
from 30 mm thick Plexiglas.

2.2 Measurement techniques

The measurements can be split into two groupsngesurements determining the observed velocities
and the assessment of the distribution of the Bigglomerates.

Three types of velocity measurements have beemnpeel; these are ultrasound velocimetry, laser
Doppler anemometry and particle image velocimeffhe ultrasound, US, velocimetry (FLUXUS®
ADM-6725, Flexim GmbH) is used to determine theitamtal velocity of the fluid in the channel to
ensure that the impellers are operated at theatkBiequency. Field measurements of velocity using
the ultrasound velocimetry sensors have also bednrmed in single-phase tests. Point-wise profile
measurements over the channel height and width alee performed for single-phase flow using
laser Doppler anemometry, LDA (LDV 380 - continuausve laser of wavelength 815 nm and 40mw
power with LDE 320 Laser-Driver + Photo-MultiplayePolytec GmbH). Partial two-component
velocity fields were also obtained by particle iraagelocimetry (PIV). The images examined the
effect of the fibre accumulation between two weirs the flow field in the lower region of the
channel. The weirs were approximately 2m upstreftheoorigin. A 532 nm wavelength laser pulse



that gives visible green light is produced by tlmulle pulse Nd: YAG-Laser (Neodym Yttrium-
Aluminium-Granite). The pulse energy was 200 mé, dlameter was 5.5 mm and the repetition rate
was 15 Hz. The laser (New Wave Gemini 200-15, Neaw&Research, Inc.) provides a light sheet to
perform measurements of the flow field using péetionage velocimetry. The particle image
velocimetry was achieved by using 8-bit greyscaQS camera (MC1301 camera of Mikrotron
GmbH) with a resolution of 1280 by 1024 Pixels dtaame rate up to 100 frames per second. The
unmagnified pixel size is 12m by 12um.

Laser sensors (LV-H300 laser with LV-50 Amplifidkeyence) and particle imaging detect the
absence or presence of fibre agglomerates in tlasunement locations in the channel. Images of the
fibres obtained by a second MC1301 camera werengfae segment of the channel. A small portion
of the channel with a macroscopic lens of the chhn@s also used. The laser detection sensors (30
mm wide narrow beam of red light, with waveleng8®&m, energy 3 mW and 3.5 ms pulse duration)
were mounted perpendicularly to the flow at fouammhel heightsh1(0.1 02 03 04) m, on

the impeller side of the channel 3 m upstream efatigin.
2.3 Experimental Uncertainty

The key uncertainties lie within the variability tife fibre agglomerate phase. The variability is
attributed to agglomerate size, shape, compactaess convexity. The particle sizes in the
sedimentation experiments in the channel are unknamd the description may differ significantly
from previous assessments of the fibre agglomedistisbutions (Krepper et al. 2009). The quantity
of fine grain particles released by interactionshwsteam and the flow structures in the channel
experiment or within the containment is also annawkn. This may have a significant impact on the
mass of agglomerates that are transported in taeneh. Note that the fine grains, which are formed
during insulation material production, can compageip to 30% of the material. Therefore, the fine
grain particles can significantly affect the quatif the phase definitions applied to the simulagio

The experimental techniques used to determine itebaition of the fibre agglomerates via laser
detection measurements and particle imaging incllamnel have a number of uncertainties. These
include how the laser detection sensors are cédithragainst the concentration of fibre agglomerates
in the channel, the influence that the differerglamerates have on the laser signal and the vamiati
of the fibre agglomerate distribution over the @ width of the channel. This last uncertainty affec
both the laser detection sensors and the partickging, as one agglomerate could obscure other
agglomerates passing the measurement region. Natehte number of laser detection sensors that
have been used might be insufficient to descrikeptienomena occurring in the channel, particularly
in and above the boundary layer where strong clrairg¢he fibre agglomerate concentration need
confirmation.

2.4 Operational Mode

The racetrack channel can be operated in seveddsnol he addition of baffles can lead to situation
where suspend fibre agglomerates can accumuldle idead zones. However, the aim of the studies
described here is to separate the effects of sediiitien and suspension into two distinct modes:

- Suspensiomxamines the transport of 0.4417 kg of fibre agglates at an average velocity
of 0.5 m §. Note that the height of the impellers was 0.3armd 0.66 m. The measurement
techniques included laser detection sensors, fmrimaging in the boundary layer and
ultrasound velocity measurements. Steam-blasted M selected as the source for the
fibre agglomerates.

- Sedimentatiorexamines the transport of 0.0219 kg of fibre agglates held in a volume of
0.001 ni that is dropped into channel operating at velesitip to 0.2 ms The agglomerates
are dropped into channel on the side oppositedontipellers from a 0.44 m long tray, which
3.14 m from the origin given in Fig. 1. Note thhé theight of the impellers was 0.305 m and
0.68 m. The measurement techniques applied wergclpaimaging and ultrasound
velocimetry. Steam-blasted MDK was selected astheece for the fibre agglomerates.



3. NUMERICAL MODELS

Different aspects of the numerical models, condgicand geometries used to resolve fibre
agglomerate transport in the racetrack channedeseribed in the following subsections.

3.1 Hydrodynamic model

A multi-fluid model is used to determine the tramdpof the fibre agglomerates, which are treated as
dispersed fluids in the Eulerian reference framBl$XS 2009). Each phase considered has a set of
mass and momentum conservation equations (Eqnan(lL}2)) with additional internal and external
forces that estimate the influence that each phaseon one another. The volume fraction is resolved
by the limit given in Eqn. (4). A constraint thietpressure is shared by all phases is also applied
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Wheret is the timeU; is the ith velocity component of the continuousighU; , andU; , are theth
andjth velocity components of theth phaser, is thepth phase volume fraction ang is the pth
phase densitySYs and SY are the sum of all body forces in the mass and embam conservation
equations.M M is the sum of all of the external source termshanrhomentum conservation equation.
s, % and /7% are the interphase exchange term between phasesand vice versag; is the
stress tensorp, is the pth phase modified pressure anis the strain rate tensQfes is the sum of
the dynamic and turbulent viscosities.

3.2 Interfacial Forces

Three interfacial forces are considered significdiiese are the buoyancy forcg®® (Eqn. (5)), the
drag force (Eqn. (6))M ", and the turbulence dispersion force (Eqn. (R)), , while the lift, wall

i,p? e
lubrication and the virtual mass forces are assumé&ave a negligible effect on the fibres. Thedsol
particle collisions model and any agglomeratiomsem or breakage of the fibre agglomerates are not
accounted for in the current model. Such modelsireca more detailed empirical knowledge of the
particles and their behaviour with respect to titution coefficient, the compaction and elastici

modulii, their interactions with fluid turbulencecother agglomerates.
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Where, g; is the acceleration due to gravigy is the continuous phase turbulent viscosityis the
continuous phase density anrg is the turbulent Schmidt number. The momentum amgh

coefficient, C{, (Eqn. (8)), is applied to both the drag (Eqn. @)}l turbulence dispersion (Eqn. (7))
forces. In the simulations described heg, is a constant with a value of 1. The ratig(pcam)'l



Phase Description  Ujp d, Pp u Ig lo Mp.in
(mms) (mm) (kgm?) (kg m’)

pF Fine fibre ~0.5 0.5 1002 Ml 0.0166 0.0626 -
agglomerate

pL Light fibre ~20 5 1002 Held 0.0166 0.0626 -
agglomerat

pH Heavy fibre ~50 5 1027 Helly 0.0028 0.0104 0.6636
agglomerate

c Continuous - - 997  8.899*1(¢ - 1-rpx  1-fpy

water

Table 1: Phase properties and fractions.

defines the dispersion coefficient of the volumacfion gradient in Egn. (7) the product of which
gives the diffusion velocity of the dispersed pha3ée fibre agglomerates are assumed to have the
form of wetted spherical particles with the diameth. The drag coefficientCp sn, Was estimated
using the Schiller-Naumann correlation given in E@), whereRg, is the particle Reynolds number
andy, is the dynamic viscosity of the continuous phase.

3.3 Turbulence Model

The SST or Shear Stress Turbulence transport nufdislenter (1994) was applied to continuous
phase with automatic wall functions. Simulationplging different turbulence models to the channel
section mesh have shown that the use of automatkcfunctions with thek-o type of turbulence
models can adequately model the flow in the nedr-vegion. The aim of such models is to
approximate the Reynolds stresses, a flow phenomédayassuming a linear relationship with strain
rate tensor. The turbulence viscosity is the ¢diefiit in this relationship and it links the turbote

models to the momentum equations of both phasesheiatermsy.i, and M7 . The turbulent

viscosity of the dispersed and continuous phasedatermined by the zero-equation model (Eqn.
(11)) and the SST model (Egn. (12)). Two transpqttations are used estimate the turbulent viscosity
in the SST model, which resolve turbulent kinetiemgy k., and the turbulent eddy frequenay,

:utp = pp:utc (pca-tc )_l (11)
Ve = et = alkc[ma>(a1wc W 2.8 F )]l (12)

F, is the second of blending functions, which is @pto Eqn. 12. The blending functions enable the
switch between two forms of the turbulence transpoefficients. Coefficients (e.gy) with the
subscript 1 can adequately model the near walbregivhile coefficients with the subscript 2 can
model the free-stream turbulence well. Note tihe $tandard implementation of SST model in
ANSYS CFX is used here (ANSYS 2009).

3.4 Phase Description

Three dispersed phases were defined accordingetdetiminal velocities (Eqn. (13)) of the fibre
agglomerates by selecting the most frequent parside and the agglomerate fibre density (Table 2).
The terminal settling velocitiesl)js,, of the fibre phasest,. and rp,, were selected by two
characteristics velocities. Thig, phase was defined from the terminal velocity atcWi80 % of fibre
agglomerates have a smaller terminal velocity. fijeorresponds to the most frequently observed
terminal velocity of the particles.

Ujsnggj pppcpc de_lD (13)
The particle sizes for thg, andr,, were determined from the mode of the MD2 aggloteesi&ze and
velocity distribution using Eqn. (13) to obtain tdensity (Krepper et al. 2009). Thg: phase is
defined with a diameter that is a tenth of thephase and it is assumed to have the same deh$ity o
ro. phase. Thea, phase is intended to represent the fibre agglde®ravhich are formed in the
channel due to agglomerate breakage and erosiseddny turbulence and impeller impacts.
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Fig. 2: Channel geometries, where the crosshadilisate the laser detection sensors; a) Suspension
section, b) whole channel for suspension, c) whbbnnel for sedimentation.

The relative viscosityy,, is given by correlation Eqn. (14) of Batchelo®TT) and it is used to
calculate the mixture viscosityy, via the produciu,. The fibre share (Egn. (15)) is based on an
individual fibre densityp;, of 2800 kg rif and the density of water, which is the continuphase in

the cases considered here. The fibre share iedithat the majority of the wetted agglomerate mass
is water.

M =1+25r, +7612 (14)
¢o =05 = p:)or = p.)" (15)

The volume fractiont,, for the simulations with one dispersed phase wstienated from the mass of
fibre agglomerates added to the channel using @8d), whereV,, is the volume of the channel (1.4
m®). Values of the volume fractions used are alsemjivn Table 1. The volume fraction applied to the
inlet condition of the sedimentation case corresisdno value given in the colummp;, of Table 1. The
mass of dry fibres,m, 4y, corresponded to the respective experiments, wiieee suspension
simulations applied a mass of 0.4417 kg and thersedation simulations applied a mass of 0.0219
kg. Note that the fibre material is based on steisted MDK.

Mo =Mpary (pp ~ L )\/ch_1 (16)

3.5 Geometries and boundary conditions

The geometries used in the numerical models otklaanel are depicted in Fig. 2 and details of the
mesh resolution are given in Table 2. Three geneseare considered in the simulations described
here. They are:

« The suspension section, which is a 3 m long by high section of the channel located
upstream of the impellers. Note that the blue Iim€ig. 2a is intended to correspond to Line
1 in Fig. 2b. Uniform inlet and outlet conditiongpdied to the variable®., Ui, andr,. The
initial conditions correspond to the inlet and etithoundary conditions. The mean velocity
applied to velocity component,, wf the inlet and outlet conditions of both phases 0.5 m
s* with a low intensity turbulence condition for teentinuous phase. This gave a channel

Mesh Total Wall i i k
Nodes Min Max Min Max Min Max
Susp., section 767052 - 0.01 - 0.004160.0196 0.004 -
Suspension, 633434  Bend: 0.03¢  0.04: 0.C1 0.01 0.C1 -
whole channel Sides 0.032 0.04 0.01 0.01 0.01 -

Impellers 0.025 0.035 0.00835 0.0115 0.01 0.0233
Sedimentation, 812036 Bends 0.036 0.043 0.001 0.012 0.001 0.005
whole channel Sides 0.026 0.044 0.001 0.012 0.001 0.005

Impellers 0.018 0.034 0.001 0.012 0.001 0.005

Table 2: Mesh resolution of each mesh at the Spddifow conditions.




Reynolds number (Coulson et al. 1990) of 1.02*1Dhe volume fractions applied correspond
to values ofr, given eighth in column of Table 1. The side aadéwalls are no-slip walls
and the top surface is a free-slip wall.

- The whole channel, which models suspension, appiies basic dimensions of the
experimental channel (Fig. 1) with two cylindricelib-domains (diameter of 0.14 m and
length 0.1 m). The sub-domains are used to applyentum sources at the heights of 0.33 m
and 0.66 m in the parabolic section (Fig. 2b). @mmentum source of 6772 kgs?, which
was estimated from the head loss over the chaength via the Darcy-Weisbach equation
(Coulson et al. 1990), was applied to the contjneijuation. The initial volume fractions,
base, side and top wall conditions correspond & dhuivalent conditions described for
suspension section simulations. Note that linesad 4 are located at (i, k) = (3.00, £0.55) m,
line 2 is found at (i, k) = (5.55, 0.00) m and li®és located at (i, k) = (4.75, -0.55) m.

« The whole channel, which models sedimentationgj@aed in Fig. 2c. The geometry varies
from the suspension simulations through the usdiféérent impeller heights (0.305 m and
0.68 m) and an inlet condition on the +k side &43m from the channel origin. The
momentum sources applied to the impeller sub-dosnaiere adjusted to 1290 kg°ns? to
give a mean velocity of ~0.2 rit.s The remaining conditions are no-slip walls agglio the
base and sidewalls of the channel and a free-shyition is applied to the top surface for the
single-phase case. The top surface conditionslefired as velocity inlet conditions for the
transport of a fibre agglomerate slug through thenoel. The conditions are based on the
addition of 1.1 litres of water containing 21.9 fofibres to the channel through the 0.44 by
0.08 m boundary condition. The fibre-water mixtisedropped from a shallow rectangular
tray, which is approximately 20 cm above the ligigidel. The velocity at the fibre inlet was
estimated assuming a perfectly inelastic collisier2.083 m§ with the fibre volume fraction
given in ninth column of Table 1 for a period 0005 s, whilst the velocity and the fibre
fraction at the remainder of top surface were lfgtfined as 0 with a zero gradient turbulence
condition. Three 20 mm wide analysis regions (Aréao 3) are positioned downstream of
the inlet condition beginning at 4.0995, 4.34828 4r597 m from the channel origin.

3.6 Solution techniques

The solution techniques applied to all three camfigjons included the definition of the initial tta
pressure agj*p.*h, where h is the vertical distance and the uséhefhigh-resolution mode of the
solver for the advection and turbulence numeri¢eses (ANSYS, 2009). Multiphase flow models
were resolved using coupled equations with a cboecstep and volume-weighted body forces
(ANSYS, 2009). The solution technigues, which edraccording to the geometries and phenomena
considered, are listed below:

« The suspension sectiammodelled in the steady state mode. Each caséiaised with the
uniform inlet conditions. Note thatandk component velocities of the phases were initidlise
with velocities of 1*1¢, 2*102 and the turbulence parameters were automaticethemted.

A physical timescale of 0.1 s was used. The smiutias left to converge until the root-mean-
square residuals of the velocity components wesetlean 10.

- The whole channel, which models suspensi@s, resolved in two steps to aid convergence:

o A steady single-phase step was run to provide aerged flow field. A physical
timescale of 0.01 s was used. The flow field waisialised with zero velocity
conditions and automatically defined turbulenceapweters. Note that the solution
was left to converge until the maximum residualseness than 1t

o A steady dispersed phase step was then run to mntbdedistribution of fibre
agglomerate phase about the channel. The casesinitglised by an interpolation
of the single-phase flow field. A physical timescalf 0.005 s was used. The high-
resolution scheme for Rhie-Chow velocity-pressuwrepting was applied. Note that
both these specifications were used to avoid nwalkinstabilities in the momentum
and mass fraction equations. The solutions wersidered converged once a stable



Mesh Single phase max y

Impeller -i +k +i -k
Segment Bend Straight Bend Straight
Suspension, channel  Base - - - - 118
section Sides - - - - 114
Suspension, whole Bast 207 44¢ 352 275 273
channel Sides 519 577 456 283 288
Sedimentation, whole  Base 8 22 15 13 13
channel Side: 34 34 22 14 15
Impellers 177 - - - -

Table 3: Mesh resolution and max y+ values at geeified flow conditions.

distribution of the fibre agglomerate volume fraoti was achieved. This was

considered acceptable when the variation in tharwelfraction at the monitor point

with the largest respective value was less than &8é6 several thousand iterations or
when the maximum residuals were less thah 10

- The whole channel, which models sedimentatvas resolved in a transient approach due to
the experiments performed. Note that the secondrdrvdckward Euler scheme was used to
progress the solution through time. The simulaiwere performed in two steps:

o The single-phase transient step resolved the toanspwater through the channel for
400 s or approximately 5 circuits of the chann€he flow field was initialised on a
coarse mesh version of the mesh (367372 nodesktddpin Fig. 2c with zero
velocity conditions and automatically defined tudmce parameters. After 150 s, the
flow field from the coarse mesh was used to ing&the final mesh by interpolation.
Each time step was considered converged when thémua residuals of the
momentum equations were less thaif.10ote that adaptive time stepping was used
to increase the time-step size from 0.005 s to GO8uring the course of the
simulation. The largest time step size used gawevamum Courant number of 7.

o The dispersed phase transient step modelled thespiwat of a slug of fibre
agglomerates from the inlet for 10 s. Two time stizes were used with 0.0025 s for
the first 0.499 s and 0.005 s for the remaindethefsimulation. Each time step was
considered converged when the root mean squareduedsi of the momentum
equations were less than™0 The maximum Courant number was of the ordet of
throughout the simulation.

3.7 Numerical Uncertainties

The key uncertainties in the numerical model aw tnly a single agglomerate size, density and
shape is considered in each case. Experiments shoange of agglomerate sizes, shapes and
densities, which may undergo flocculation, erosiod breakage.

The velocities considered in the suspension exmerisnare far away from the velocities (<0.2 H s
that occur in the containment sumps of both boilamgl pressure water reactors. The key reason
behind the selection of such a high velocity aeg this necessary to determine what phase defirsti
lead to the suspension of the fibre agglomeratespraditions where experiments show them to be
suspended. The consequences of the high velagtihat lower concentrations are observed, which
leads to lower mixture viscosities and lower c@lisfrequencies and lower rates of flocculatiomyA
fibre agglomerates that undergo erosion and breakaguld have already done so at the velocities
considered, though this needs experimental confioma Note that the velocity condition applied to
fibre inlet condition for the simulation of sedintation in the whole channel might be inaccurate, as
momentum could be lost from the falling liquid vola as it hits the liquid surface.

Finally, the resolution of the grid in the bounddayer is also significant as the channel width is
small. The ¥ values in Table 3 indicate that the mesh is adetyusesolved near to the wall for the
suspension section and whole channel simulationsddimentation when the SST model is applied



with automatic wall functions. The" walues for whole channel suspension show thatrtash is
coarse, due to the long simulation times requicedchieve a steady state. Finer meshes may cause a
vertical shift in the resolved volume fraction ple$. In the case of the sedimentation simulations
thin wall conditions were applied to the impellabsdiomains in order to avoid instabilities in thent
downstream of the impellers. Best practice gumdsi concerning the mesh resolution will be
followed once appropriate phase definitions aréngef and further experimental investigations have
been performed for the suspension of the dispgrhaede. Nevertheless, the scale of the containment
sump of an NPP is considerably larger than the Isitions performed here.

4. RESULTS

The following subsections split the experiment andherical results into the studies on the transport
of the suspension through the channel and the sediitiion of a known mass of fibre agglomerates.

4.1 Suspension

This section describes the results obtained byeMperiments and simulations performed to examine
the suspension of a known mass of fibre agglomeiatéhe horizontal flows found in the racetrack
type channel. The plots presented in Fig. 3a-calléipé signals obtained by the laser detectionmsens
and the variation in the signal outpM'() with channel height. The signal outputs weremadised

by Eqn. (24), wherdV,... —1) is the maximum value of the traces subtractechbyntinimum signal
output in Fig. 3a. Note that the traces obtainedviny ultrasound velocimetry sensors indicate the
velocities observed in the channel during the drpants.
V' =1-Vie—1) (V' -1) (17)

The distribution of the fibre agglomerates over filier measurement locations are given in Fig. 3b-c.
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Fig. 3: Experimental measurements. a-c) Laserctetesensors output for the fibre agglomerate
distribution (0.44 kg of steam blasted MDK); a) &g output with ultrasound velocity
measurements, b) normalised signal output, c) Rétibe normalised signal output to the normalised
output at 0.4 m; d) LDA and US profiles of singlease velocity on the —k channel side.



The variation of both/" andV"/V"| _  indicates that the concentration of the fibreseases at a

height of 0.2 m, which is just outside of the boanydlayer. The velocity profiles given in Fig. 3d
obtained by LDA and US measurements at a similgreliar operating condition for single-phase
flow have two peak regions, one near to the middléhe channel and one near to the channel base,
which corresponds to the edge of the boundary layée accumulation of fibres between 0.1 and 0.3
m, where a 12 % change in the laser detection lsigas observed corresponds to a fluid layer where
the velocity gradient is greater than the fluideagirectly above the boundary layer. However, the
influence that the flow field has on the fibre aggkrate flux requires further confirmation. Ndtatt
there is an unexplained apparent difference oh®<" between both types of velocity measurements
for both profiles where a direct comparison camele { = 1.5 and 2.5 m upstream of the origin).

Profiles from the suspension section simulatioesdapicted in Fig. 4. The volume fractionpd and

pL phases increases to values in excess of 0.5 twedotvest 0.02 m of the channel, which
corresponds to the lower wall boundary layer wistreng velocity gradients (Fig. 4c). This is nag th
case for theF phase, where the change in the volume fractiemizll over the whole channel height
(Fig. 4a-b). Thus, thpF phase is comparable with the experiments in bayrldger region where no
fibre agglomerates accumulated at the velocity icemed. Note that the mass of loose fine grain
particles is not considered in the simulations,clthinake up to 30 % of the insulation material; thus
this could affect the concentrations of the fibgglamerates observed in both the experiments and th
simulations.

Nevertheless, the uniform velocity profile (Fig)4e the free-stream region of the channel resalts
the uniform distribution of the fibre agglomerafes all the dispersed phases considered (Fig. 4a-b)
This uniformity was not observed to experimentsergha change of 12% of the laser detection signal
was observed. Note that the upper interface ofilthe agglomerate flux differs for each phase, weher
thepH phase has the greatest reduction in heightpfhghows little no or deviation from the free-slip
surface and the upper interface of piephase flux occurs between that of gieandpH phases.

Therefore, as flow structures that have been shovaifect the fibre agglomerate flux in the channel
it became necessary to replicate such flow strasiuvhich could only be obtained by modelling the
whole channel. Fig. 5 gives profiles of the volufrection, volume fraction ratio and the velocity.
The volume fraction profiles in Fig. 5a-b show tha pF phase corresponds well with the variations
observed in the laser detection signal. Phephase is also affected by the flow field; howevbe,
variation is 60 times greater than tpE phase. TheH phase settles to the bottom of the channel.
Note that higher resolution simulations may showeduction in the volume fraction at heights for
h<0.2 m for the pF phase on line 1; however, theseilsitions have not yet been performed due to
lack of available simulation time.

The velocity profiles in Fig. 5¢ and Fig. 5f shomat the flow structures, which influence the volume
fraction profiles on line 1 may originate from flowwstabilities in the second +i bend. However,

a b c
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- Lo V TpH == | - L T'pH == | - L T'pH == N
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Fig. 4: Profiles from the suspension section satiohs; data from the line in Fig. 2a: a) Volume
fraction of the fibre agglomerate phase, b) Ratithe volume fractions of fibre agglomerate phase t
its value at 0.4, c) Velocity magnitude of the @onbus phase
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experimental confirmation of the fibre distributiand velocity profiles on the +k side of the chdnne
is required to confirm the profiles observed in siraulations. The velocity profiles also show ttre
mesh used here adequately models the continuos ffloav field. Profiles of single-phase flow are
also given for comparison in Fig. 5¢c and Fig. S5tweeen single-phase and multiphase flow and at
different mesh resolutions. Note that the trandiégier resolution (Single TH) case produced simila
velocity profiles to steady state lower resolutase (Single SL), both for single-phase flow. Note
that there are small deviations away from the @effor the disperse phase cases, where only data
from lines 1 and 2 are shown for reasons of clarity

Further experimental measurements on both siddseoivhole channel are needed to provide a better
description of the fibre agglomerates that expeeetme flow conditions observed in the channel due
to the previously described uncertainties in theegixnental data.

4.2 Sedimentation

The sedimentation of a known mass of agglomerates ihorizontal flow was also examined
experimentally and numerically in the racetracketyghannel. Fig. 6 depicts the experimental and
numerical traces of the fibre agglomerate fraciisnwell as images of the volume fraction obtained
after 6 s of simulation time. Eqns. (25) and (2&yevused to estimate the fractignpf the Areas 1-3
indicated in Fig. 2c occupied by the fibre aggloaterphase, wherd is the number of pixels and

the volume of each measurement aegayhich is occupied by the fibre agglomerates witholume
fraction greater than 0.01.

Xexp = Na)(,p/NaT (18)
/Ysim :Va)(,p /VaT (19)
a b c
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Fig. 5: Profiles of the whole channel simulati@fisuspension; Data obtained from lines 1 and 3 in
Fig. 2b: a) Volume fraction of the fibre agglomerghase, b) Ratio of the volume fractions of fibre
agglomerate phase to its value at 0.4, c) Velaoagnitude of the continuous phase. Data from lines
2 and 4 in Fig. 2b; d) Volume fraction of the fitagglomerate phase, e€) Ratio of the volume
fractions of fibre agglomerate phase to its valu@.4, f) Velocity magnitude of the continuous phas
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The traces indicate that the movement of the fdgglomerate phase matches the experiments well
(Fig. 6a-c); however, the dispersion or spreachefadgglomerates is much greater in the experiments
than in the simulations (Fig. 6d-f). Note thatHig. 6a-c & f, a mesh that had been locally refiired
the streamwise direction is also depicted. Thmedf mesh shows similar dispersion properties with
sharper peaks (Fig. 6a-c) and the overall shapkeofibre agglomerate slug is similar; however, the
distribution of agglomerates differs (Fig. 6f). érhleduced vertical dispersion maybe caused thesrang
of agglomerate sizes present in the experimentinigato different settling velocities. Hindered
settling may also influence the vertical spreathefagglomerates.

5. FURTHER EXPERIMENTAL INVESTIGATIONS

Due to the uncertainties from the measurementsrideschere, further experimental studies of the
suspension of the fibre agglomerates have beeropeop The studies will apply particle imaging and
particle image velocimetry simultaneously to deieerthe influence that the particles have on the
fluid phase. This would also include single-phasssurements of the velocity field with PIV. The
influence that the fibre agglomerates have on #iserl detection signal will also be analysed. More
measurement locations will also be considered lp éleicidate the influence of the flow on the fibre
suspension. The mass of the loose fine grains regals to be accounted for to give better phase
definitions. The settling characteristics of tii@d agglomerates suspended in the channel alsb nee
determination.

6. CONCLUSIONS

Simulations of fibre agglomerate suspension andresdation have been performed on a racetrack
type channel. The sedimentation simulations plajlsiagree with experiments performed, while the

suspension simulations show good quantitative ageeéwith available experimental data. However,

further improvements are required for the experit@menharacterisation of the fibre agglomerate

distribution for the appropriate validation of themerical models and assumptions used here.
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Fig. 6: Profiles and traces from the sedimentasgioidies; Experimental and numerical trace data
from areas 1-3 in Fig. 2c: a) Area 1, b) Area 2A®a 3, the key is common to plots a, b and &)
photograph of MDK agglomerates after 6 s; ) &dptours of volume fraction after 6 s at different
mesh resolutions, where the white line indicatesetktent of the agglomeratergt= 0.01,;
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NOMENCLATURE
Symbol Unit Definition
C - coefficient
d m particle diameter
e st strain rate tens
F, - second blending function of the SST model
g m s? acceleration due to gravity
h M channel heigl
k m’ s? turbulent kinetic energy
M kg m?s?  external source terms
My dry kg dry weight of the fibre agglomerates
N - number
P m st turbulence production term
p' kg m?s? modified pressure
Re - Reynolds number
r - volume fraction
S kg m?s®  body source term
t S time
U ms* velocity vector
\Y; m’ volume
\A \% laser detection signal output
A - normalised laser detection signal output
y m distance to the nearest wall
Greek Symbols  Unit Definition
a - turbulence coefficient
r kgn3s? interphase exchange te
) - Kronecker’s delta
u kg m*s'  dynamic viscosity
v m’ st kinematic viscosit
p kg m?® density
{ - share of fibres in the wetted agglomerate
o - turbulentPrandtl orSchmidt numbe
T kg m?s?  stress tensor
X - fraction for the comparison of the sedimentastardies
) st turbulent eddy frequen
Superscript Definition
B buoyancy
D drag
M momentur
MS mass
TD turbulent dispersion
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Subscripts Definition

1 coefficients for the near wall region

2 coefficients for the free-stream region

a Sedimentation measurement area

c cth phase

ch channel

cp term acting between cth and pth phases
eff effective

F fine fibre agglomerate

f individual fibre

H heavy fibre agglomere

i ith direction component (transverse)

in inlet condition

j jth direction component (vertical)

k kth direction component (spanwi

L light fibre agglomerate

m mixture

may maximum valu

p pth phase

pc term acting between pth and cth phases
r relative

SN Schiller-Naumann

sp terminal settling velocity of the fibre agglomerate
T total

t turbulent

e volume occupied by fibre agglomerates
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