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PREFACE

This book contains all manuscripts approved by the reviewers and the organizing committee of the
12th International Conference on Computational Fluid Dynamics in the Oil & Gas, Metallurgical and
Process Industries. The conference was hosted by SINTEF in Trondheim in May/June 2017 and is also
known as CFD2017 for short. The conference series was initiated by CSIRO and Phil Schwarz in 1997.
So far the conference has been alternating between CSIRO in Melbourne and SINTEF in Trondheim.
The conferences focuses on the application of CFD in the oil and gas industries, metal production,
mineral processing, power generation, chemicals and other process industries. In addition pragmatic
modelling concepts and bio-mechanical applications have become an important part of the
conference. The papers in this book demonstrate the current progress in applied CFD.

The conference papers undergo a review process involving two experts. Only papers accepted by the
reviewers are included in the proceedings. 108 contributions were presented at the conference
together with six keynote presentations. A majority of these contributions are presented by their
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all those who helped to promote the conference and all authors who have submitted scientific
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Production and NanoSim.

Stein Tore Johansen & Jan Erik Olsen

metal production

&

NanoSim

-




Organizing committee:

Conference chairman: Prof. Stein Tore Johansen
Conference coordinator: Dr. Jan Erik Olsen

Dr. Bernhard Miiller

Dr.Sigrid Karstad Dahl

Dr.Shahriar Amini

Dr.Ernst Meese

Dr.Josip Zoric

Dr.Jannike Solsvik

Dr.Peter Witt

Scientific committee:

Stein Tore Johansen, SINTEF/NTNU
Bernhard Mdller, NTNU

Phil Schwarz, CSIRO

Akio Tomiyama, Kobe University

Hans Kuipers, Eindhoven University of Technology
Jinghai Li, Chinese Academy of Science
Markus Braun, Ansys

Simon Lo, CD-adapco

Patrick Segers, Universiteit Gent

Jiyuan Tu, RMIT

Jos Derksen, University of Aberdeen
Dmitry Eskin, Schlumberger-Doll Research
Par Jonsson, KTH

Stefan Pirker, Johannes Kepler University
Josip Zoric, SINTEF



CONTENTS

PRAGMATIC MODELLING .....ccccuuuuemmmmmmmenmsmnsssmssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 9
On pragmatism in industrial modeling. Part lll: Application to operational drilling..........ccccccveeenneen. 11
CFD modeling of dynamic emulsion stability .........cccoueiiiiiiii i 23
Modelling of interaction between turbines and terrain wakes using pragmatic approach ................. 29
LI T4 20 ] 3 0 37
Simulation of chemical looping combustion process in a double looping fluidized bed

reactor With cu-based OXYZEN CAITIEIS ... .ciii it e e see e e e raae e e e res 39
Extremely fast simulations of heat transfer in fluidized beds.........cccovveieieeicciiiiiei e, 47
Mass transfer phenomena in fluidized beds with horizontally immersed membranes ....................... 53
A Two-Fluid model study of hydrogen production via water gas shift in fluidized bed

(001001 o] Y Y=l T Tl o PSR 63
Effect of lift force on dense gas-fluidized beds of non-spherical particles ........cccccceeieeciiiiereee e, 71
Experimental and numerical investigation of a bubbling dense gas-solid fluidized bed...................... 81
Direct numerical simulation of the effective drag in gas-liquid-solid systems ........ccccceecviiiieeeeniicnnnne 89
A Lagrangian-Eulerian hybrid model for the simulation of direct reduction of iron ore

L [0 Te [F2=To I o =T L3PPSR 97
High temperature fluidization - influence of inter-particle forces on fluidization behavior .............. 107
Verification of filtered two fluid models for reactive gas-solid flOWS...........cccoecvieeieciiiiiiciiee e, 115
BIOMEGCHANICS ......cuuuueennnnnnnnnnsnnsssnsssmsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 123
A computational framework involving CFD and data mining tools for analyzing disease in

(oF: [ o] o 1= Y (=] o PPt 125
Investigating the numerical parameter space for a stenosed patient-specific internal

(o] foY o BT (=] 4V o dToTe {1 FO SRR PUPPPRRRRIOE 133
Velocity profiles in a 2D model of the left ventricular outflow tract, pathological

case study using PIV and CFD MOAEIING .......uviiiiiiiiiiiiieee ettt ettt e e e e esiraaee e e e s sebsraeeeeeeeeanes 139
Oscillatory flow and mass transport in @ COroNary artery......occccvveeeeeeeieiiieeeeeeeeeeirreeeeeeeeeeanreeeseseenns 147
Patient specific numerical simulation of flow in the human upper airways for assessing

the effect Of NASAl SUIZEIY...uuvi e e e e e e e e e rr e e e e e e s e naraeaeeeeeeas 153
CFD simulations of turbulent flow in the human upper airways ......cccccccciieeeiec i, 163
OIL & GAS APPLICATIONS ...ceiiiiiiienieitniciteiitaiitnnieinsieisessieseressesssssssnsssessssssssessssssssssssnssssnssssnssses 169
Estimation of flow rates and parameters in two-phase stratified and slug flow by an

=Yg TY=T 0] o1 (=N = 1 o - L T L =T SR 171
Direct numerical simulation of proppant transport in a narrow channel for hydraulic

g [t a 0 g aY=dr=Y o] o] 1o Y 1o o TS USSP 179
Multiphase direct numerical simulations (DNS) of oil-water flows through

HOMOZENEOUS POFOUS FOCKS ...uiiiiiii ittt e e e e e e et e e e e e s e saabteeeeeeesesasttaeeeeeeesnnnrrenneas 185
CFD erosion modelling of bliNd TEES ......cccuviii i e e 191
Shape factors inclusion in a one-dimensional, transient two-fluid model for stratified

and slug flow SimUlations iN PIPES ..uveiiieiiiie et e e e e e e e e e e e e eatee e enres 201

Gas-liquid two-phase flow behavior in terrain-inclined pipelines for wet natural
[ R =TT o Jo ] - 1 o] o WO PP T P TP 207



NUMERICS, METHODS & CODE DEVELOPMENT .......cuuuuuummuemnnnnnnnnnennnennneenneeenneineeiseesssesssssssesseessses 213

Innovative computing for industrially-relevant multiphase flowsS..........cccoecvieiiiciiee i, 215
Development of GPU parallel multiphase flow solver for turbulent slurry flows in cyclone.............. 223
Immersed boundary method for the compressible Navier—Stokes equations using

high order summation-by-parts difference Operators......cccccoeeeeciieeicciiee e 233
Direct numerical simulation of coupled heat and mass transfer in fluid-solid systems..................... 243
A simulation concept for generic simulation of multi-material flow,

USING Staggered CarteSian IS . ..o ciiiiieeee ettt e e e e eeeetbr e e e e e eeseabraeeeeeeeeetrrrseeeeeesennsrsrees 253
A cartesian cut-cell method, based on formal volume averaging of mass,

MOMENTUNM O UATIONS ...ttt e e e e eeeeteseseteeeseteteseseseeeeesaeeeaeaeseeeaeaeeesaseeens 265
SOFT: a framework for semantic interoperability of scientific software ........ccccccevvviireeeeeiincccnneene.n. 273
POPULATION BALANCE ....ccituiiieiiuiiieiiieiieeciacreiirssiessiossraisssssssstasstassssssssssssstsssssssssssasssasssasssnssansss 279
Combined multifluid-population balance method for polydisperse multiphase flows...................... 281
A multifluid-PBE model for a slurry bubble column with bubble size dependent

velocity, weight fractions and tEMPErature.........eee e raae e e 285
CFD simulation of the droplet size distribution of liquid-liquid emulsions

N STITEA taNK FEACTOIS ...ttt et e s st e e s sabae e e s sabaeesssbaeesas 295
Towards a CFD model for boiling flows: validation of QMOM predictions with

O] o KO XA =5 o T=T o T=T o) £ 301
Numerical simulations of turbulent liquid-liquid dispersions with quadrature-based

MOMENT METNOAS.....iiiiiiiiie e e st e e s b e e e s abee e s sabeeessabbeesssabeeesenss 309
Simulation of dispersion of immiscible fluids in a turbulent couette flow .........ccccccvveeiiiieiiiciieeenne, 317
Simulation of gas-liquid flows in separators - a Lagrangian approach.........ccccccceeeevvieeecccveecccieee e 325
CFD modelling to predict mass transfer in pulsed sieve plate extraction columns .........cccceeeecvveeennns 335
BREAKUP & COALESCENCE .......cccuuuumemmmennsensssssssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 343
Experimental and numerical study on single droplet breakage in turbulent flow ...........ccccveeennnen. 345
Improved collision modelling for liquid metal droplets in a copper slag cleaning process................ 355
Modelling of bubble dynamics in slag during its hot stage engineering.......cccccceecvveeivciieeercieeeseneenn, 365
Controlled coalescence with local front reconstruction method ..........ccccceiviiiiiiiiiii e, 373
BUBBLY FLOWS .....ciiiiiiiiiiiiiiiiiiiieiieeiiessiessssiessiassiassssstsestssstsssssssssssasssasssassssssasssasssassssssssssasssns 381
Modelling of fluid dynamics, mass transfer and chemical reaction in bubbly flows .......................... 383
Stochastic DSMC model for large scale dense bubbly flOWs.........ccccoeiiiiiiiie e, 391
On the surfacing mechanism of bubble plumes from subsea gas release.........ccccccvvvveeeieeecciinnennn.n. 399
Bubble generated turbulence in two fluid simulation of bubbly flow ............cccocoviiiiii, 405
HEAT TRANSFER ....cvtiiiiiiiiiiiiiiiiiieiienisieaiiiseiiiseiiissisiasiersesstssstsnsssessssssssssnssssassssssssssssssansssannss 413
CFD-simulation of boiling in a heated pipe including flow pattern transitions

USINE @ MUILI-FIEIA CONCEPT ....uviie ettt e et e e e et e e e e e bt e e e eeataee e sntaeaeesaeeesnnes 415
The pear-shaped fate of anice Melting froNt ........oooviiii i 423
Flow dynamics studies for flexible operation of continuous casters (flow flex cc).......cccceeeecuveeeennenn. 431
An Euler-Euler model for gas-liquid flows in a coil wound heat exchanger...........cccccoveeiviieeeiiinnnenns 441
NON-NEWTONIAN FLOWS.......cciisrinmnsnnsssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 449
Viscoelastic flow simulations in disordered porous Media.......ccccccvvveereeeeeciiiireeee e 451
Tire rubber extrudate swell simulation and verification with experiments ........ccccccceevvvveeeeeeenennnee. 459
Front-tracking simulations of bubbles rising in non-Newtonian fluids..........cccccvivieiiieiiiiiiiieeee e, 469

A 2D sediment bed morphodynamics model for turbulent, non-Newtonian,
(o[ u el [ [oF: o [=To I { (o1 VPR 479



METALLURGICAL APPLICATIONS.....cttttttunuiiiinnieetmnnnniiiiinnteemmmsnsiiiiissteessssssiiisssteessssssssissssesssssssses 491

Experimental modelling of metallurgical ProCeSSES ........oueiciiiiecciiie et 493
State of the art: macroscopic modelling approaches for the description of multiphysics

phenomena within the electroslag remelting ProCess ........ccceeeeciieeieciiee e 499
LES-VOF simulation of turbulent interfacial flow in the continuous casting mold ..............ccueeenneee. 507
CFD-DEM modelling of blast furnace tapping .......ceccuieeeeiiiee ettt e e erre e e bee e e 515
Multiphase flow modelling of furnace tapholes ........occviii e 521
Numerical predictions of the shape and size of the raceway zone in a blast furnace........................ 531
Modelling and measurements in the aluminium industry - Where are the obstacles? ..................... 541
Modelling of chemical reactions in metallurgical ProCeSSES.........ciiveiiirieeeieiiiicieeee e 549
Using CFD analysis to optimise top submerged lance furnace geometries ........ccccccvevcveeeeicveeeeinnenn, 555
Numerical analysis of the temperature distribution in a martensic stainless steel

3 (g oXe [V a1 T=d oF-T e (<1 012V = SRR PRPRROE 565
Validation of a rapid slag viscosity measurement by CFD........cooccciiiiieii it 575
Solidification modeling with user defined function in ANSYS Fluent...........cccceeieiiiiieeee e, 583
Cleaning of polycyclic aromatic hydrocarbons (PAH) obtained from ferroalloys plant...................... 587
Granular flow described by fictitious fluids: a suitable methodology for process simulations.......... 593
A multiscale numerical approach of the dripping slag in the coke bed zone of a

o] FoY dYor= Y LI B Y [ I (T o F= ol SR UUPRt 599
INDUSTRIAL APPLICATIONS .....cuiiiieiiiniiinniiienciesiciessiismsisssiissiesssisssssssssssssssssssssssnsssssssssnssssnssses 605
Use of CFD as a design tool for a phospheric acid plant cooling pond ..........cccceeecieeivciieeccciee e, 607
Numerical evaluation of co-firing solid recovered fuel with petroleum coke in a

cement rotary kiln: Influence of fuel MOISTUIE ........c.ceiiiiiiie i 613
Experimental and CFD investigation of fractal distributor on a novel plate and

FramME ION-EXCHANEET ...eieiiceee e e e et e e e et e e e e sta e e e e eate e e e ebteeeesnbaeeeesteeeennsenas 621
COMBUSTION .....ouuiiiiiiiiiiiiiiisiississssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsnnne 631
CFD modeling of a commercial-size circle-draft biomass gasifier.......ccccocveeevciieiincie e, 633
Numerical study of coal particle gasification up to Reynolds numbers of 1000............ccccvveeeeeeennnnee 641
Modelling combustion of pulverized coal and alternative carbon materials in the

(o] E R A U Lol - [N T 1Y PSPPI 647
Combustion chamber scaling for energy recovery from furnace process gas:

R (=l o Y 1 [ SRR 657
PACKED BED ....ciuiiteiiuiiuiieiiieiieniiecieiieeiiessiasrsiisssisssisssisssssstsestssstassssssssssasssasssassssssssssasssassssssssssas 665
Comparison of particle-resolved direct numerical simulation and 1D modelling

of catalytic reactions in @ PACKEd DEA .........uoi i e 667
Numerical investigation of particle types influence on packed bed adsorber behaviour .................. 675
CFD based study of dense medium drum separation ProCeSSES ........ccceevueeeeecieeeeeiieeeeeteeeeeree e e 683
A multi-domain 1D particle-reactor model for packed bed reactor applications..........cccecevveeeecuneennn. 689
SPECIES TRANSPORT & INTERFACES .......coooeiiiiiiiiiiiiisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 699
Modelling and numerical simulation of surface active species transport

- 1EACtION IN WEIAING PrOCESSES ...vviiiiiiiieeiiee e ecttee ettt e e e e e e e e st e e e s bt e e e e nbaee s enbaeeeansteeeennsens 701
Multiscale approach to fully resolved boundary layers using adaptive grids.......cccccceccvvveerciveeennnnn. 709

Implementation, demonstration and validation of a user-defined wall function
for direct precipitation fouling in ANSYS FIUENT.......cccoiiiiiiiiiiee et e e 717



FREE SURFACE FLOW & WAVES .....ccccuuueemmeemmemmmsmsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 727
Unresolved CFD-DEM in environmental engineering: submarine slope stability and

(o1 =T =T o] o] [ Tor= | A o o -F PPNt 729
Influence of the upstream cylinder and wave breaking point on the breaking wave

forces on the downstream CYIINAEN ........coocuiiiiieiiie e e e e e 735
Recent developments for the computation of the necessary submergence of pump

INTAKES WIth fre@ SUMACES ...eiiiieiiiee ettt e st e e sbae e sabeesbeesnaeeenes 743
Parallel multiphase flow software for solving the Navier-Stokes equations ..........cccccceeveeivveeeeeeeennnns 752
PARTICLE IMETHODS .....cccuuuuuuuteennnnnnnenmmnnmssnsmmssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 759
A numerical approach to model aggregate restructuring in shear flow using DEM in

Lattice-Boltzmann SimuUIGtioNS .........oiiiuiiii e e e e e s eata e e e s sareeeeeaes 761
Adaptive coarse-graining for large-scale DEM Simulations........cccuvvvriiiiiiiieiiciiees e 773
Novel efficient hybrid-DEM collision integration scheme.........ccccooiiiieii e, 779
Implementing the kinetic theory of granular flows into the Lagrangian

dense discrete Phase MOUEL..........uviiii i et e e e e e e et rre e e e e e e esnbraaeeeeeeennnnes 785
Importance of the different fluid forces on particle dispersion in fluid phase

FESONANCE MUIXEES ..etetieeeeieiiittteteeeeaaaaretteeeeeaaaurbeteeeeeaaanebe e eeeeeesaassb et eeessaaaannreeaeeesesannsenaaeeeesaaansnneenasaans 791
Large scale modelling of bubble formation and growth in a supersaturated liquid............cc.ccc........ 798
FUNDAMENTAL FLUID DYNAMICS .....citiiituiiieniiieniiiniiimiiiasisiisissismsissstsssisnsssasssssssnessss 807
Flow past a yawed cylinder of finite length using a fictitious domain method ...........cc.ccccecvveeennnnenn. 809
A numerical evaluation of the effect of the electro-magnetic force on bubble flow

N AlUMINIUM SMEIING PrOCESS. . ciiiiiiieeeciiee ettt e e e e e e e s e e e estb e e e ssaaseeeesaaeeeansaaeean 819
A DNS study of droplet spreading and penetration on a porous medium.........cccceeeeeveeeeiiieeescieeeenns 825

From linear to nonlinear: Transient growth in confined magnetohydrodynamic flows..................... 831



EXPERIMENTAL AND NUMERICAL STUDY ON SINGLE DROPLET BREAKAGE IN
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NTNU Department of Chemical Engineering, 7491 Trondheim, NORWAY
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ABSTRACT

Droplet size distributions in liquid-liquid turbulent flow are
determined by droplet breakage and coalescence. The current
understanding of these processes are not sufficient. An
experimental study on single droplet breakage in turbulent flow,
where coalescence can be neglected, is presented in this paper
to study the droplet breakage mechanism. A rectangular
channel consisting of a pair of opposite steel walls having a
series of stationary protuberances to enhance turbulence level,
and a pair of opposite glass walls that are smooth to facilitate
image capture of the droplet breakage process is used as the
droplet breakage channel. The commercial CFD code FLUENT
is utilised to simulate the continuous single-phase flow in the
droplet breakage channel with interest particularly in the
turbulent characteristics such as the turbulent kinetic energy
and turbulent energy dissipation rate, as these parameters are
closely related to the droplet breakage process. The large eddy
simulation (LES) method was used to provide detailed features
of the flow. Results from LES were also compared with those
from a RANS model (SST k-w). The simulation results
demonstrated that the turbulence level is enhanced across the
pair of walls with protuberances. There are more coherent
strong vortices in the region close to the wall with
protuberances. Some preliminary experimental results on
droplet breakage are also presented.

Keywords: Breakage, large eddy simulation (LES), turbulent
energy dissipation rate, turbulent vortical structures.

NOMENCLATURE

Greek Symbols

e Turbulent energy dissipation rate, [m?/s*].

(€) Time averaged turbulent energy dissipation rate,
[m?/s%].

k  von Kérman constant, 0.4187, [-].

v Molecular kinematic viscosity, [m?/s].

Vggs Subgrid eddy viscosity, [m?/s].

& Length scale, [m].

77 Subgrid stress tensor, [m?/s?].

w;; Vorticity tensor, @;; =

1(ou;
A Filter width, [m].
Q  Absolute value of vorticity, @ = ,/2&;;@;, [1/5].

), [1/s].

Dxi

Latin Symbols
C; Smagorinsky constant, 0.1, [-].
d Distance to the closest wall, [m].
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G Filter function, [1/m].

(k) Time averaged turbulent kinetic energy, [m?%/s*].
Ls Mixing length for the subgrid scale, [m].

p Pressure, [Pa].

Q Criterion for illustrating coherent vortexes, [1/s%].
S;j Rate of strain tensor, S;; = %(Z—Zj + 2—12), [1/s].

w

Absolute value of the strain rate, S = |25;;S;;, [1/5].

t Time scale, [s].

Velocity, [m/s].

u  Filtered/resolved velocity in LES, [m/s].
u; Filtered residual velocity in LES, [m/s].
(i) Time averaged velocity, [m/s].

7V Mean velocity (experiments), [m/s].

Vi, Volume of a computational cell, [m?].

x  Length scale, [m].

Sub/superscripts
i Indexi.
j  Indexj.
k  Index k.

INTRODUCTION

Dispersed liquid-liquid systems are quite common in
different industries, for example, the chemical,
pharmaceutical, food, and petroleum industries. The fluid
particle size is determined by equilibrium between
various mechanisms of fluid particle breakage and
coalescence. Most of the engineering flow problems are
turbulent in nature. Many of the existing models that
describe particle breakup in turbulent flow are based on
the work of Coulaloglou and Tavlarides (1977). It is
assumed that the droplets are in a turbulent flow field
which is locally isotropic and the droplet size is within
the inertial subrange. The authors proposed a premise
that a drop would break if the turbulent kinetic energy
transmitted to the drop from the turbulent eddies exceeds
the drop surface energy and only eddies smaller than the
particle diameter may transmit the energy. Reviews on
the different models of particle breakage can be found in
Lasheras et al. (2002), Liao and Lucas (2009) and Solsvik
et al. (2013). The aforementioned reviews show that the
predictions from different breakage models can be
contradictory. Many of the models are derived from



assumptions that have not been validated experimentally.
There is little reliable experimental data in the literature
that can be used to validate different models. Therefore,
it is of importance to experimentally investigate the
breakage process and further obtain reliable data for
model evaluation.

Many experimental studies on droplet breakage
investigated the properties of final particle population,
such as the maximum stable particle size, mean particle
size and the particle size distribution as a function of the
mean particle size (e.g., Sleicher, 1962; Sprow, 1967,
Middleman, 1974; Calabrese et al., 1986; Wang and
Calabrese, 1986; Angeli and Hewitt, 2000a; Azizi and Al
Taweel, 2011). Experiments on single droplet breakage
in turbulent flow, where coalescence can be neglected,
have been undertaken by researchers more recently.
Andersson and Andersson (2006) studied both bubble
and droplet breakup in flow of immiscible fluids through
a static mixer or channel reactor. The turbulence
generated in this channel reactor in general is more
homogeneous compared to a stirred tank reactor as
turbulence is continuously produced and dissipated along
the reactor. The experimental results from the above
authors demonstrated differences in the bubble breakup
and droplet breakup. The bubble breakup mainly resulted
in two fragments while multiple breakup was more
frequently observed in droplet breakup. Also, the bubble
breakup often resulted in unequal size fragments while
fragments upon droplet breakup had a higher probability
of being approximately equal size than unequal size.
Maall et al. (2007) and Maall and Kraume (2012)
investigated single droplet breakage in turbulent flow in
a breakage cell which was designed to reflect the flow
field in the impeller region of a stirred tank. The breakage
cell was a rectangular channel with a single blade
representative of a section of a Rushton turbine inserted
into the channel from one side. The results showed that
the highest probability with regard to the number of
fragments formed upon breakup was for the binary
breakup. The average breakage time appeared to have a
minimum for a certain mother drop diameter. The
relative numbers of distributions of the breakage time
were best fit with a B-distribution instead of normal
distribution. Solsvik and Jakobsen (2015) experimentally
investigated single droplet breakup in a stirred tank. It
was reported that multiple breakup events (specifically,
more than 2 daughter drops, and up to more than 9
fragments) were more frequently observed than binary
breakup. Also, unequal-sized rather than equal-sized
breakup was more frequently observed. For all of the
aforementioned experimental studies on single droplet
breakage, the high-speed imaging technique was applied
to capture the breakage process. The statistical
information on breakage process is obtained by further
image processing. Detailed information which is of great
value for evaluating the breakage models, e.g., the
statistical distributions of breakage time, breakage
probability, daughter numbers and sizes, can be obtained
by experiments on single droplet breakage.

In addition to statistical information on droplet breakage,
information of the underlying turbulent parameters,
particularly the local turbulent energy dissipation rate, &,
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is desirable. The local turbulent energy dissipation rate is
one of the variables in most of the breakage models. As
the local turbulent energy dissipation rate is usually not
known, the average energy dissipation rate is used
instead in many studies. Experimental measurement of
the turbulent energy dissipation rate can be achieved by
the particle image velocimetry (PIV) technique.
However, the estimation of the turbulent energy
dissipation rate from the PIV measurements is not
straightforward and require careful evaluation (Jong et
al., 2009). Since CFD has become a standard tool for flow
prediction, the single-phase simulation could provide
some useful information on the turbulent parameters.
Bouaifi et al. (2004) conducted both PIV measurements
and CFD simulation of the flow in a channel reactor
which is the experimental system used in the particle
breakage study reported in Andersson and Andersson
(2006). Several different k-¢ models implemented in
FLUENT were used in their CFD simulation. The
turbulent parameters from the CFD simulations were
comparable to those estimated from PIV measurements.
MaaB et al. (2007) also used the k-¢ models to simulate
the flow field of a breakage cell. The k-¢ models are
practical turbulent models based on solving Reynolds
Averaged Navier-Stokes Equations (RANS) together
with the turbulence closures. The two-equation turbulent
models (e.g., k-€ models, k-o models) inherently apply an
assumption of isotropic turbulent viscosity thus there
could be large uncertainties in the CFD predictions of the
flow where highly anisotropic turbulence exists. Another
attractive method is Large Eddy Simulation (LES). In
LES the Navier—Stokes equations are spatially filtered,
which eliminates eddies whose scales are smaller than a
filter width. Large eddies are directly resolved, while
small eddies are modelled using subgrid scale models
that describe the interactions between the large eddies
and the unresolved smaller scales. LES results are
theoretically more comparable to PIV measurements as
the experimental data obtained by PIV are similar to the
filtering method used in LES (Sheng et al., 2000). Ni et
al. (2003) applied both LES and PIV to quantify turbulent
properties in an oscillatory baffled column. The authors
reported good agreement between these two techniques.
Delafosse et al. (2008) performed simulations of flow in
a stirred tank using both the standard k-¢ model and the
LES model and compared the simulation results with PIV
measurements. It was demonstrated that the LES gave
better predictions in the turbulent parameters.

The aim of this study is to carry out an experimental
campaign on single droplet breakage in turbulent flow to
obtain the statistical information of the breakage process,
and to perform CFD simulation of the single-phase flow
using the LES method to have a picture of the underlying
turbulent parameters related to droplet breakage. Results
from the LES simulation were also compared with those
from a steady RANS model (SST k-w). In this paper, the
experimental setup is first introduced followed by
introduction of the CFD models and simulation setup. In
the following section on results, some preliminary
experimental results are presented first, followed by the
CFD results. Finally, the conclusions and some future
work are presented.



EXPERIMENTAL SETUP

Figure 1: Schematic diagram of the experimental setup.

(@ (b)

Figure 2: Schematic diagram of the injection channel (a) and
the breakage channel (b).

The experimental setup used in this study is depicted in
Figure 1. The de-ionized water is stored in a tank
(capacity: 1 m?) and pumped by a positive displacement
pump (PDP). The water flow is metered using an
electromagnetic meter (SIEMENS SITRANS F M MAG
5100 W, DN 25). The water flows through a vertical
pipeline which is the major part of the flow loop. The
vertical line consists of two sections — the injection
channel and the breakage channel. Dyed-oil pumped by
a syringe pump is injected into the pipeline at the
injection channel upstream of the vertical pipeline. This
section is made from transparent glass and composed of
three rectangular channels of different cross-sectional
areas and the channels with varying cross-sections which
smoothly connect the rectangular channels (see Figure 2
(a)). At a constant water flow rate in the flow loop, the
size of the injected oil drop varies when injected via the
different injection ports. Downstream of the injection
channel is the breakage channel where the droplet
breakage in turbulent water is investigated. This section
is a rectangular channel (30x30x1000 mm?) consisting of
a pair of opposite steel walls which have a series of
stationary protuberances/tabs to enhance turbulence
level, and a pair of opposite glass walls that are smooth
to facilitate image capture of the droplet breakage process
(see Figure 2 (b)). High-speed cameras (Photron
FASTCAM Mini AX100) are used to record the breakage
process of an oil droplet in turbulent flow with a frame
rate of at least 4000 fps.

After the vertical pipeline, the fluids flow back to the
water tank. Here the water tank also serves as a separator
as the tank capacity is quite large and contains a large
volume of water while the amount of oil used in
experiments is very small compared to that of the water.
The water in the lower part of the tank can be kept
uncontaminated from oil thus cyclic operation can be
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realised. The tank has a viewing window to allow for
liquid level monitoring. Disposal of oil should be carried
out when the purity of the water in the lower part of the
tank would be affected with increased heights of the oil
layer and the emulsion layer after some time of
experiments with accumulation of oil droplets.

NUMERICAL SIMULAITON

Governing Equations

The governing equations for LES are obtained by
spatially filtering over small scales. A generalized filter
can be defined by

ueo = [[[ea-souEoes 0
where the filter function is interpreted as acting to keep
values of u; occurring on scales larger than the filter
width A. G is some function that is effectively zero for
values of u; occurring at the small scales. By filtering the
Navier—Stokes equations, the velocity field has the
decomposition

u;(x, t) = u;(x, t) + u; (x, t) 2)
By filtering the Navier—Stokes equations, the governing
equations employed for LES are obtained as

o,
Fr 0 (3)
ou; + oww, _ _10p 0 ( 0\ _ ot (4)
at dx; pdx; dx;\ 0Ox; dx;
SGS SGS

where 777 = W, — 4;%;. The subgrid stress tensor 7;;
describes the transfer of momentum by turbulence at
scales that are smaller than the filter. The subgrid-scale
stresses are unknown and require modelling. In this

study, one frequently used subgrid model in the literature,

namely, Smagorinski-Lily model, is wused. The
unresolved stresses follows
1 _
50— §ng55zj = —2Vg65Si; Q)
Vsgs = L3|5| = L2 ’Zgijgij (6)

where S; ; 1s the rate of strain tensor for the resolved scale,

Sij= %(% + %); Vses 1s the subgrid eddy viscosity; and
j i
Lg the mixing length for the subgrid scale,

Ls = min(kd, Csv,j/3) , in which k denotes the von
Karman constant, 0.4187, d the distance to the closest
wall, V}, the volume of a computational cell, and C, the
Smagorinsky constant. The default value in FLUENT,
Cs = 0.1, was used in this study.

Simulation Setup

The commercial CFD package FLUENT was used for the
simulation. The simulation geometry is depicted in
Figure 3 (a). The geometry resembles a short section of
the experimental breakage channel along the flow
direction, which is 60mm along Y-axis. Figure 3 (b)
illustrates the mesh of the cross-section marked in Figure
3 (a). To satisfy the mesh requirement for LES simulation
and to capture sufficiently detailed flow structures, the
mesh (hexahedral cells) is very fine in general and is
progressively finer near the walls (the lengths of cells
ranged between 0.02-0.6 mm). The total number of cells
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Figure 3: The simulation geometry (a) and mesh of a cross-
section (b).

is about 7.4 million. The wall y+ for a flow rate of 2 m/s
ranged between 0.01 and 5.9 with the majority of the cells
having y+ between 0.01 and 3.

The fluid in this study was water (density: 998.2 kg/m?,
viscosity: 1.003 mPa.s). The periodic flow boundary was
applied to model the developed flow in the channel. The
mass flow rate was specified (0.9 and 1.8 kg/s,
corresponding average velocities of 1 and 2 mys,
respectively). A steady RANS simulation with the k-o
SST model was first run before the LES simulation. The
solutions from the RANS simulation were used as the
initial conditions of the LES simulation.

The pressure-velocity coupling algorithm was used to
solve the transport equations. The PRESTO! (pressure
staggering option) scheme was used for the pressure
interpolation. The SIMPLE (semi-implicit method for
pressure linked equations) scheme was used for the
pressure-velocity coupling. The bounded central
differencing discretization scheme for momentum
equations was applied. The bounded second order
implicit scheme was used for the transient formulation.
The time step used was 2x10- s. The pressure gradient
was monitored as well as the residuals of the transport
equations for the judgement of convergence.
Convergence was regarded to be achieved when the
monitored values are statically stable (that is after at least
3 flow-through time). The converged pressure gradients
were close to theoretical predictions of developed
channel flow for corresponding mass flow rates, thus the
calculations were regarded as reasonable.

As the LES solves an approximately instantaneous
velocity field, post-processing is needed to obtain the
turbulent parameters of interest. This can be achieved by
defining custom field functions and sampling the data in
Fluent. The following definitions were applied to
estimate ensemble/time averaged turbulent kinetic
energy and dissipation rate (Ni et al., 2003; Delafosse et
al., 2008).

Turbulent kinetic energy:

(k) = 2 (Bt )2) %
N
(@) = %Zﬁ ®)

Turbulent energy dissipation rate:
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(@ =3TNe ©)
€ = 2(vsgs + v)S;;S;; (10)
where (k) denotes ensemble/time averaged turbulent
kinetic energy over N samples, @, resolved velocity, and
(ir,) ensemble/time averaged velocity over N samples. (€)
denotes ensemble/time averaged turbulent energy
dissipation rate over N samples, vszs the subgrid
kinematic eddy viscosity, v molecular kinematic
viscosity, and §;; rate-of-strain tensor for the resolved
scale.

With definitions of parameters of interest via custom
field functions, data sampling was performed at a time
interval of 4x107 s for at least 2 flow-through time,
obtaining samples of a number of over 1000. With 64
parallel processors of 4 nodes from a cluster, the CPU
time used was around 96h for a typical run.

RESULTS

Preliminary Experimental Results

Some preliminary tests were conducted using the food oil
(olive oil). The approximate viscosity of the oil is 80
mPa.s. The interfacial tension between the un-dyed oil
and water is around 16.4 mN/m. It is noted that the
interfacial tension can be affected by the addition of the
dye (Sudan Black B). The interfacial tensions between
the dyed oils and water would be measured in the future.

Figure 4 illustrates the deformation process of a single
droplet. The flow rate of the continuous flow is 1 m/s for
this case. In this case, the droplet was slightly deformed
in the central region of the channel, and it endured further
deformation when it migrated into the region closer to the
wall with protuberances. The highly deformed drop
appeared dumbbell-shaped before it went out of the view
area. To realize tracking the breakage process as
complete as possible and at the same time obtaining high-
speed photographs with sufficient spatial resolution,
synchronized multiple high-speed cameras positioned
along the flow direction will be applied in the future.

[ ll l[ I[ li 1
(@) (b)

Figure 4: Illustration of the deformation process of a droplet.
(a) High-speed images (b) Images after processing.



CFD Results

Velocity Field

The resolved velocity field from LES at one instant,
which is approximately the instantaneous velocity field,
is illustrated in Figure 5. It is demonstrated that there are
backflow vortices below each protuberance/tab. The
influence of the tabs on the pair of opposite walls is
mainly 2-dimensional, with the flow field across the z-
axis similar to that of a channel with smooth walls.

The profiles of the Y velocity (velocity component in the
flow direction) along the lines of symmetry of a cross-
section of the channel are described in Figure 6. In
addition to the results from LES, the resolved velocities
from the steady RANS simulation (SST k-w), which were
in fact the initial conditions of the LES, are also depicted
in Figure 6. The size of the protuberances is indicated by
the dash lines in Figure 6 (b) as well as following relevant
figures. In general, a good agreement is shown between
the mean velocities from the LES and RANS simulation.
However, it was shown from Figure 6 (b) that the highest
backflow magnitude from the RANS simulation is
slightly lower than that from LES. Also, the velocity
profile from RANS is flatter across the central region of
the channel.

Figure S: Contours of the resolved velocity (approximately
the instantaneous velocity) at one instant from LES (V =
2m/s).

x Solved velocity at one instant - LES
o Time-averaged velocity - LES
Velocity (mean) - SST k-w

0.0 L 4 *

-0.015 -0.005 0.005 0.5
z(mj

@

ha e g
= =1 =t

-
o

¥ Velocity (mis)

= Solved velocity at one instant - LES
o Time-averaged velocity - LES
Velocity (mean) - 35T k-w

e
o

1.0 B :
0015 -0.005 0.005 0.015

x{m)
(b)
Figure 6: Y velocity along the lines of symmetry of a cross-
section of the channel from LES and SST k- turbulence

model (V = 2m/s). (a) Across the pair of smooth walls; (b)
Across the pair of walls with tabs.

Turbulent Kinetic Energy

The profiles of turbulent kinetic energy (TKE) along
lines of symmetry of a cross-section of the channel are
described in Figure 7. The TKE from LES illustrated are
the ensemble/time averaged values calculated following
Equations (7-8). The general trends of TKE from the LES
and RANS simulation are consistent. However, the TKE
from the LES is in general higher than that from the SST
k- model. Similar magnitudes of TKE are shown in the
central region of the channel, while the highest TKE
locating close to walls/tabs from the LES is about one
time higher than that from the SST k- turbulence model.
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012 OLES A 55T ket
0.1 .
0.08
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Figure 7: Turbulent kinetic energy along the lines of
symmetry of a cross-section of the channel from LES and SST
k-0 turbulence model (V = 2m/s). (a) Across the pair of
smooth walls; (b) Across the pair of walls with tabs.
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Figure 8: Turbulent kinetic energy from LES (V = 2m/s)
along different lines parallel to the symmetry axis of the
channel in symmetry planes of the channel. (a) In the
symmetry plane across the pair of smooth walls; (b) In the
symmetry plane across the pair of walls with tabs.

The SST k-® model inherently applies an assumption of
isotropic turbulent viscosity thus there could be large
uncertainties in the CFD predictions of the flow close to
walls where highly anisotropic turbulence exists. The
TKE from the LES shows less homogeneity in the central
region of the channel than that from the SST k- model
in Figure 7 (b). Comparing Figure 7 (b) to Figure 7 (a), it
is shown that the turbulence kinetic energy is increased
across the pair of walls with tabs, which fits the purpose
of increasing the turbulence level hence enhancing the
occurrence of droplet breakage by using a pair of walls
with increased roughness. The profiles of the turbulent
kinetic energy along different lines parallel to the
symmetry axis of the channel in symmetry planes of the
channel are depicted in Figure 8. As have been
demonstrated by Figure 7, Figure 8 in another way shows
that the turbulence kinetic energy is increased across the
pair of walls with tabs.

Turbulent Energy Dissipation Rate

The profiles of turbulent energy dissipation rate (TDR)
along lines of symmetry of a cross-section of the channel
are described in Figure 9. The general trends of TDR
from the LES and the SST k- model are consistent along
the z direction, i.e., across the pair of smooth walls, as
shown in Figure 9 (a). The magnitudes of TDR in the
central region of the channel along the z direction from
the LES and the SST k- model are close. The LES
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Figure 9: Turbulent energy dissipation rate along the lines of
symmetry of a cross-section of the channel from LES and SST
k-o turbulence model (V¥ = 2m/s). (a) Across the pair of
smooth walls; (b) Across the pair of walls with tabs.

predicts higher TDR in the near-wall region than the SST
k- model. Some inconsistence is demonstrated in the
general trends of TDR from the LES and the SST k-
model along the x direction, i.e., across the pair of walls
with tabs, as shown in Figure 9 (b). The predicted TDR
across the pair of walls with tabs from LES has its highest
value in the near-wall region, endures a decrease before
it increases as approaching the region behind the tap wall
(the tab wall is in alinement with x=%+0.012 m); it
gradually decreases again as approaching to the central
region of the channel. The predicted TDR across the pair
of walls with tabs from the SST k- turbulence model is
very low in the near-wall region, endures a gradual
increase first then a sharp increase to its peak as
approaching the region behind the tap wall. It decreases
sharply as passing the region behind the tap wall. It is
difficult to explain the different trends as the methods
from which the turbulent energy dissipation rate are
calculated TDR from LES are calculated following
Equations (9-10). The accuracy of the TDR from LES
can be affected by the mesh scales and the subgrid-scale
model. The k-equation and w-equation of the SST k-o
turbulence model serve as empirical closures to solve the
Reynolds Averaged Navier-Stokes Equations. The k-
equation is directly deduced from Reynolds Averaged
Navier—Stokes equations, denoting an exact equation for
the turbulent kinetic energy. The greatest amount of
uncertainty and controversy usually lies in the o-
equation which is not directly derived from an exact
equation (Wilcox, 1988). Also, as an assumption of
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Figure 10: Turbulent energy dissipation rate from LES (V =
2m/s) along different lines parallel to the symmetry axis of
the channel in symmetry planes of the channel. (a) In the
symmetry plane across the pair of smooth walls; (b) In the
symmetry plane across the pair of walls with tabs.

isotropic turbulent viscosity is used in RANS simulation,
there could be large uncertainties in the CFD predictions
of the flow behind the taps where highly anisotropic
turbulence exists.

It is difficult to see whether the turbulent energy
dissipation rate in the central region of the channel is
increased or not across the wall with tabs from Figure 9
as the scale range is quite large. The profiles of the
turbulent energy dissipation rate along different lines
parallel to the symmetry axis of the channel in symmetry
planes of the channel are depicted in Figure 10.
Comparing Figure 10 (a) and (b), it is demonstrated that
the turbulent energy dissipation rate in the central region
of the channel is increased across the wall with tabs.
Also, it shows that the turbulence in the central region of
the channel is less homogenous across the pair of walls
with tabs than across the pair of smooth walls.

Turbulent Vortical Structures

The iso-surfaces of the Q-criterion are depicted in Figure
11 to illustrate the coherent vortical structures. The
definition of Q follows Q = %(QZ —82), where Q and S
are the absolute value of vorticity and strain rate,
respectively (Q = ,/2@;;@;;, S = ’ZS_US_U ). Positive Q

iso-surfaces isolate areas where the strength of rotation
overcomes the strain, thus making those surfaces eligible
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Figure 11: Iso-surfaces of the Q-criterion (V = 2m/s). (a)

0=10% (b) 0=10% (c) 0=10".



as vortex envelopes (Dubief and Delcayre, 2000; Jeong
and Hussain,1995). The dimensional Q-values can be
very large and can vary greatly in the domain. For the
case under consideration, the Q-values between 10 and
10°. Iso-surfaces in the range of 10~107 are sensible to
illustrate the turbulent vortical structures for this case.
Figures 11 (a) to (c) illustrate the iso-surfaces of Q values
of 10%, 10°, and 107, respectively. It is demonstrated that
there are more coherent strong vortices in the region close
to the wall with tabs. Tip vortices are produced around
the corners behind the tabs (see Figure 11 (c)). One basic
question on droplet breakage is whether vortices smaller
or larger than the droplets control the breakup rate.
Earlier studies assumed that only eddies smaller than the
particle diameter may transmit the energy to particles.
More recent studies concluded that all scales of turbulent
vortices affect the breakup (see for example, Andersson
and Helmi, 2014; Ghasempour et al. 2014; Solsvik and
Jakobsen, 2016a and 2016b; Solsvik, 2017). When
experimental results on the probability of droplet
breakage positions are obtained in the future, this
information would be further used to provide some
insight into the breakage mechanism.

CONCLUSIONS

In this study, an experimental apparatus for investigating
single droplet breakage in turbulent flow has been
presented as well as some preliminary experimental
results. CFD simulation of the single-phase flow in the
experimental breakage channel was performed. The LES
method was used for the simulation to provide detailed
features of the flow. Results from LES were also
compared with those from a RANS model (SST k-o);
different degrees of variance were shown in the profiles
of velocity, turbulent kinetic energy, and the turbulent
energy dissipation rate. The simulation results
demonstrated that the turbulence level is enhanced across
the pair of walls with protuberances/tabs. There are more
coherent strong vortices in the region close to the wall
with tabs. Systematic experimental tests will be carried
out in the future to obtain statistical information on
droplet breakage. The breakage mechanism will be
investigated by analysing the experimental results
together with the underlying turbulent information
obtained from the present numerical study.
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