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on a variety of scientific topics.
The processes of peer-reviewing of papers published in SINTEF Proceedings are
administered by the conference organizers and proceedings editors. Detailed
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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
manuscript in this collection (a few were granted to present without an accompanying manuscript).
The organizing committee would like to thank everyone who has helped with review of manuscripts,
all those who helped to promote the conference and all authors who have submitted scientific
contributions. We are also grateful for the support from the conference sponsors: ANSYS, SFI Metal
Production and NanoSim.
Stein Tore Johansen & Jan Erik Olsen

3

Organizing committee:

Scientific committee:

Conference chairman: Prof. Stein Tore Johansen
Conference coordinator: Dr. Jan Erik Olsen
Dr. Bernhard Müller
Dr.Sigrid Karstad Dahl
Dr.Shahriar Amini
Dr.Ernst Meese
Dr.Josip Zoric
Dr.Jannike Solsvik
Dr.Peter Witt

Stein Tore Johansen, SINTEF/NTNU
Bernhard Müller, 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
Pär Jönsson, KTH
Stefan Pirker, Johannes Kepler University
Josip Zoric, SINTEF

4

CONTENTS
PRAGMATIC MODELLING ................................................................................................................ 9
On pragmatism in industrial modeling. Part III: Application to operational drilling ............................. 11
CFD modeling of dynamic emulsion stability ........................................................................................ 23
Modelling of interaction between turbines and terrain wakes using pragmatic approach ................. 29
FLUIDIZED BED .............................................................................................................................. 37
Simulation of chemical looping combustion process in a double looping fluidized bed
reactor with cu‐based oxygen carriers .................................................................................................. 39
Extremely fast simulations of heat transfer in fluidized beds ............................................................... 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
membrane reactors .............................................................................................................................. 63
Effect of lift force on dense gas‐fluidized beds of non‐spherical particles ........................................... 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 ..................................... 89
A Lagrangian‐Eulerian hybrid model for the simulation of direct reduction of iron ore
in fluidized beds..................................................................................................................................... 97
High temperature fluidization ‐ influence of inter‐particle forces on fluidization behavior .............. 107
Verification of filtered two fluid models for reactive gas‐solid flows ................................................. 115
BIOMECHANICS ........................................................................................................................... 123
A computational framework involving CFD and data mining tools for analyzing disease in
cartoid artery ...................................................................................................................................... 125
Investigating the numerical parameter space for a stenosed patient‐specific internal
carotid artery model............................................................................................................................ 133
Velocity profiles in a 2D model of the left ventricular outflow tract, pathological
case study using PIV and CFD modeling .............................................................................................. 139
Oscillatory flow and mass transport in a coronary artery ................................................................... 147
Patient specific numerical simulation of flow in the human upper airways for assessing
the effect of nasal surgery................................................................................................................... 153
CFD simulations of turbulent flow in the human upper airways ........................................................ 163
OIL & GAS APPLICATIONS ............................................................................................................ 169
Estimation of flow rates and parameters in two‐phase stratified and slug flow by an
ensemble Kalman filter ....................................................................................................................... 171
Direct numerical simulation of proppant transport in a narrow channel for hydraulic
fracturing application .......................................................................................................................... 179
Multiphase direct numerical simulations (DNS) of oil‐water flows through
homogeneous porous rocks ................................................................................................................ 185
CFD erosion modelling of blind tees ................................................................................................... 191
Shape factors inclusion in a one‐dimensional, transient two‐fluid model for stratified
and slug flow simulations in pipes ...................................................................................................... 201
Gas‐liquid two‐phase flow behavior in terrain‐inclined pipelines for wet natural
gas transportation ............................................................................................................................... 207

NUMERICS, METHODS & CODE DEVELOPMENT ........................................................................... 213
Innovative computing for industrially‐relevant multiphase flows ...................................................... 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 ........................................................................ 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 grids........................................................................................................... 253
A cartesian cut‐cell method, based on formal volume averaging of mass,
momentum equations ......................................................................................................................... 265
SOFT: a framework for semantic interoperability of scientific software ............................................ 273
POPULATION BALANCE ............................................................................................................... 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 ........................................................................................ 285
CFD simulation of the droplet size distribution of liquid‐liquid emulsions
in stirred tank reactors ........................................................................................................................ 295
Towards a CFD model for boiling flows: validation of QMOM predictions with
TOPFLOW experiments ....................................................................................................................... 301
Numerical simulations of turbulent liquid‐liquid dispersions with quadrature‐based
moment methods ................................................................................................................................ 309
Simulation of dispersion of immiscible fluids in a turbulent couette flow ......................................... 317
Simulation of gas‐liquid flows in separators ‐ a Lagrangian approach................................................ 325
CFD modelling to predict mass transfer in pulsed sieve plate extraction columns ............................ 335
BREAKUP & COALESCENCE .......................................................................................................... 343
Experimental and numerical study on single droplet breakage in turbulent flow ............................. 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 ............................................. 365
Controlled coalescence with local front reconstruction method ....................................................... 373
BUBBLY FLOWS ........................................................................................................................... 381
Modelling of fluid dynamics, mass transfer and chemical reaction in bubbly flows .......................... 383
Stochastic DSMC model for large scale dense bubbly flows ............................................................... 391
On the surfacing mechanism of bubble plumes from subsea gas release .......................................... 399
Bubble generated turbulence in two fluid simulation of bubbly flow ................................................ 405
HEAT TRANSFER .......................................................................................................................... 413
CFD‐simulation of boiling in a heated pipe including flow pattern transitions
using a multi‐field concept .................................................................................................................. 415
The pear‐shaped fate of an ice melting front ..................................................................................... 423
Flow dynamics studies for flexible operation of continuous casters (flow flex cc)............................. 431
An Euler‐Euler model for gas‐liquid flows in a coil wound heat exchanger........................................ 441
NON‐NEWTONIAN FLOWS ........................................................................................................... 449
Viscoelastic flow simulations in disordered porous media ................................................................. 451
Tire rubber extrudate swell simulation and verification with experiments ....................................... 459
Front‐tracking simulations of bubbles rising in non‐Newtonian fluids ............................................... 469
A 2D sediment bed morphodynamics model for turbulent, non‐Newtonian,
particle‐loaded flows ........................................................................................................................... 479

METALLURGICAL APPLICATIONS .................................................................................................. 491
Experimental modelling of metallurgical processes ........................................................................... 493
State of the art: macroscopic modelling approaches for the description of multiphysics
phenomena within the electroslag remelting process ....................................................................... 499
LES‐VOF simulation of turbulent interfacial flow in the continuous casting mold ............................. 507
CFD‐DEM modelling of blast furnace tapping ..................................................................................... 515
Multiphase flow modelling of furnace tapholes ................................................................................. 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............................................................... 549
Using CFD analysis to optimise top submerged lance furnace geometries ........................................ 555
Numerical analysis of the temperature distribution in a martensic stainless steel
strip during hardening ......................................................................................................................... 565
Validation of a rapid slag viscosity measurement by CFD................................................................... 575
Solidification modeling with user defined function in ANSYS Fluent .................................................. 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
pilot scale Si‐Mn furnace ..................................................................................................................... 599
INDUSTRIAL APPLICATIONS ......................................................................................................... 605
Use of CFD as a design tool for a phospheric acid plant cooling pond ............................................... 607
Numerical evaluation of co‐firing solid recovered fuel with petroleum coke in a
cement rotary kiln: Influence of fuel moisture ................................................................................... 613
Experimental and CFD investigation of fractal distributor on a novel plate and
frame ion‐exchanger ........................................................................................................................... 621
COMBUSTION ............................................................................................................................. 631
CFD modeling of a commercial‐size circle‐draft biomass gasifier ....................................................... 633
Numerical study of coal particle gasification up to Reynolds numbers of 1000 ................................. 641
Modelling combustion of pulverized coal and alternative carbon materials in the
blast furnace raceway ......................................................................................................................... 647
Combustion chamber scaling for energy recovery from furnace process gas:
waste to value ..................................................................................................................................... 657
PACKED BED ................................................................................................................................ 665
Comparison of particle‐resolved direct numerical simulation and 1D modelling
of catalytic reactions in a packed bed ................................................................................................. 667
Numerical investigation of particle types influence on packed bed adsorber behaviour .................. 675
CFD based study of dense medium drum separation processes ........................................................ 683
A multi‐domain 1D particle‐reactor model for packed bed reactor applications ............................... 689
SPECIES TRANSPORT & INTERFACES ............................................................................................ 699
Modelling and numerical simulation of surface active species transport
‐ reaction in welding processes ........................................................................................................... 701
Multiscale approach to fully resolved boundary layers using adaptive grids ..................................... 709
Implementation, demonstration and validation of a user‐defined wall function
for direct precipitation fouling in Ansys Fluent ................................................................................... 717

FREE SURFACE FLOW & WAVES ................................................................................................... 727
Unresolved CFD‐DEM in environmental engineering: submarine slope stability and
other applications................................................................................................................................ 729
Influence of the upstream cylinder and wave breaking point on the breaking wave
forces on the downstream cylinder .................................................................................................... 735
Recent developments for the computation of the necessary submergence of pump
intakes with free surfaces ................................................................................................................... 743
Parallel multiphase flow software for solving the Navier‐Stokes equations ...................................... 752
PARTICLE METHODS .................................................................................................................... 759
A numerical approach to model aggregate restructuring in shear flow using DEM in
Lattice‐Boltzmann simulations ............................................................................................................ 761
Adaptive coarse‐graining for large‐scale DEM simulations................................................................. 773
Novel efficient hybrid‐DEM collision integration scheme................................................................... 779
Implementing the kinetic theory of granular flows into the Lagrangian
dense discrete phase model................................................................................................................ 785
Importance of the different fluid forces on particle dispersion in fluid phase
resonance mixers ................................................................................................................................ 791
Large scale modelling of bubble formation and growth in a supersaturated liquid ........................... 798
FUNDAMENTAL FLUID DYNAMICS ............................................................................................... 807
Flow past a yawed cylinder of finite length using a fictitious domain method .................................. 809
A numerical evaluation of the effect of the electro‐magnetic force on bubble flow
in aluminium smelting process............................................................................................................ 819
A DNS study of droplet spreading and penetration on a porous medium.......................................... 825
From linear to nonlinear: Transient growth in confined magnetohydrodynamic flows ..................... 831

12th International Conference on CFD in Oil & Gas, Metallurgical and Process Industries
SINTEF, Trondheim, NORWAY
May 30th - June 1st, 2017

CFD 2017

SIMULATION OF CHEMICAL LOOPING COMBUSTION IN A DOUBLE LOOPING FLUIDIZED
BED REACTOR WITH CU-BASED OXYGEN CARRIERS
Yuanwei ZHANG1∗ , Øyvind LANGØRGEN2† , Inge SAANUM2‡ , Zhongxi CHAO3§ , Hugo A.
JAKOBSEN1¶
1 NTNU

Department of Chemical Engineering, 7034 Trondheim, NORWAY

2 SINTEF

Energy Research, Sem Sælands vei 11, 7034 Trondheim, Norway
3 Safetec

Nordic AS, 7037 Trondheim, Norway

∗

†

E-mail: yuanwei.zhang@ntnu.no
E-mail: oyvind.langorgen@sintef.no
‡ E-mail: inge.saanum@sintef.no
§ E-mail: zhongxi.chao@safetec.no
¶ E-mail: hugo.a.jakobsen@ntnu.no

C
Gas concentration, [mol/m3 ].
C1 ,C2 ,Cb ,Cµ Turbulence model parameter, [−].
Cd
Drag coefficient, [−].
ds
Particle diameter, [m].
D ji Binary diffusion coefficient, [m2 /s].
Dk, j Diffusion coefficient for component j in phase k,
[m2 /s].
ess Particle restitution coefficient, [−].
E
Activation energy, [kJ/mol].
#»
g
Gravity acceleration, [m/s2 ].
g0
Radial distribution function, [−].
¯Ī
Unit tenser, [−].
k
Reaction rate coefficient, [mol1−n m3n−2 /s].
kg
Gas turbulent kinetic energy, [m2 /s2 ].
K
Scale factor, [−].
#»
M k Interfacial momentum transfer, [kg/m2 s2 ].
M
Mole mass, [kg/kmol].
n
Reaction order, [−].
pk
Pressure of phase k, [Pa].
Pr Prandtl number, [−].
r
Reaction rate, [mol/m3 s].
rg
Radius of a grain, [m].
R
Gas constant, [J/mol−1 K−1 ].
Re p Particle Reynolds number, [−].
St
Turbulent kinetic energy production, [kg/ms3 ].
t
Time, [s].
T
Temperature, [K].
#»
v k Velocity of phase k, [m/s].
VM Molar colume, [m3 /mol].
X
Gas conversion, [−].
z
Axial coordinate, [m].

ABSTRACT
Chemical looping combustion (CLC) is an attractive technology
that produces a pure CO2 stream and therefore the CO2 can be readily recovered by condensing water vapour. In order to understand
the physical phenomena and to explore the chemical process performance of the CLC process, a CFD model has been developed. The
model is implemented numerically in an in-house code including
the kinetic theory of granular flow and reaction models. Methane is
used as fuel and CuO is chosen as oxygen carrier. This process is
configured with an air reactor and a fuel reactor. The two reactors
are simulated by a sequential approach. The connection between
the two reactors is realized through time-dependent inlet and outlet
boundary conditions. The widely used drag models were selected
to examine their effects on the flow behaviour. The results indicating that the cluster effect in the FR is higher than in the AR. The
frequency factor in the reaction model was varied to fit with the experimental measurements. The predicted result with the frequency
factor of 1.35 × 10−3 gives a reasonable prediction in comparison
to the experimental data.
Keywords: CFD, Double loop circulating fluidized bed, Drag
model, Reactive flow .

NOMENCLATURE
Greek Symbols
αk
Volume fraction of phase k, [−]
β
Inter-phase momentum transfer coefficient, [kg/m3 s]
γs
Collisional energy dissipation, [J/m3 s]
Γ
Interfacial mass transfer rate, [kg/m3 s]
εg
Turbulent energy dissipation rate, [m2 /s3 ]
Θ
Granular temperature, [m2 /s2 ]
κs
Conductivity of granular temperature, [kg/ms]
λk
Thermal conductivity of phase k, [m2 /s]
µk
Viscosity of phase k, [kg/ms]
νj
Stoichiometric coefficient, [−]
ρk
Density of phase k, [kg/m3 ]
ρM Molar density, [mol/m3 ]
τ
Time for complete solid conversion, [s]
τ̄¯ k
Stress tensor of phase k, [N/m2 ]
τ̄¯ t
Turbulent stress tensor, [N/m2 ]
ω
Mass fraction, [−]

Sub/superscripts
0
Initial.
B
Bulk.
dilute Dilute.
e
Effective.
g
Gas.
i
Reaction number.
k
Gas (k = g) or solid (k = s) phase.
m
Molecular.
max Maximum.
m f Minimum fluidization.
s
Solid.
t
Turbulent.

Latin Symbols
A
Frequency factor, [mol1−n m3n−2 /s].
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INTRODUCTION

CO2 and Steam

Depleted
Air

Air Reactor

Loop
seal

Steam

Fuel Reactor

Chemical-looping combustion (CLC) is an efficient and low
cost combustion process that can be explored to limit CO2
emissions. This new type of combustion is a two-step combustion process. Typically, it consists of two interconnected
fluidized bed reactors, the fuel reactor and the air reactor.
A solid oxygen carrier (OC) gets oxidized and reduced in
a cyclic manner, carrying the oxygen from one reactor to
he other. First, the fuel is introduced to the FR and reacts
with the oxidized OC, to give CO2 and steam. The oxidized
OC being reduced from MeOα to MeOα−1 . In a subsequent
step, this oxygen carrier is reoxidized to its initial state with
air in the AR, from MeOα−1 to MeOα . The overall reaction
obtained summing the oxidation and reduction of the OC is
equivalent to the conventional combustion of the fuel and relases exactly the same amount of energy. Since the mixing
of fuel and air is avoided, CO2 will inherently not be diluted
with nitrogen (Ishida and Jin, 1996).
In order to get sufficiently high fuel conversion, enhance gassolid contact and realize flexible operation, SINTEF Energy
Research and the Norwegian University of Science and Technology have designed a double loop circulating fluidized bed
(DLCFB) reactor for the CLC process, as shown in Figure 1.
The design is sized to be used with gaseous fuel. It consists
of two circulating fluidized beds interconnected by means of
divided loop seals and a bottom extraction. The fluidizing
gas (methane in the FR and air in the AR) is fed from bottom
of the reactors. The solid outflow from one reactor will inject
into the bottom of the other reactor through the cyclones and
divided loop seals. The propose of the divided loop seal is
both to avoid the gas mixing between the two reactors and
to lead flow of solids entrained by one reactor into the other
one or recirculate it back to the reactor of origin. The air
reactor as well as the fuel reactor are operated in the turbulent or fast fluidization regime for a better gas-solid contact.
This special design is meant to be flexible with respect to
OCs and to be extrapolated to other chemical looping applications. In addition, the arrangement is compact in order to
ease the up-scaling as well as for the prospective of pressurizing the reactor as a further step.
Computational fluid dynamics (CFD) is expected to play an
important role in studying the hydrodynamic and chemical
process performance of gas-solid system. In order to understand the physical phenomena, explore the reactive performance of the CLC process in the DLCFB system, it is beneficial to develop a simulation model, which further can be
used to optimize the operating conditions, and for scale-up
and design of industrial scale reactors.
In this work, a reactive multiphase CFD model for an interconnected DLCFB reactor has been developed and implemented using an in-house Fortran code. Euler-Euler approach with the kinetic theory of granular flow (KTGF) has
been selected. Methane is used as the gaseous fuel and CuO
is chosen as OC. The main objective of this investigation is
to validate the model based on the real experimental data and
make preparation for the further research.

Loop
seal

Steam

Bottom
extraction/lift

Air

Methane

Figure 1: Sketch of the DLCFB reactor.

CO2 and Steam

A two-fluid reactive flow model based on the KTGF implemented in an in-house code is used to describe the hydrodynamics and the reacting system in the fluidized reactors. In
the two-fluid model, each phase is described by a set of governing equations and closures. For the gas phase, the transport equations can be derived by adopting suitable averaging
process for local instantaneous equations, while the transport

Fuel Reactor

MODEL DESCRIPTION

Air Reactor

Air

Air

CH4

Figure 2: Sketch of the DLCFB reactor.
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equations for solid phase originate from the ensemble average of a single-particle quantity over the Boltzmann integraldifferential equation. Detailed descriptions of the model can
be found in (Jakobsen, 2014). The governing equations are
summarised in Table 1. The standard κ − ε turbulence model
is chosen for characterizing the gas phase turbulence phenomena, the corresponding closure models are shown in Tables 2 and 3. The KTGF is adopted to derive the physical
properties of solid phase by introducing the granular temperature, Θ. The two phases are coupled through the interfacial
momentum transfer, which is dominated by the drag force.
In this study, the most commonly used drag coefficient models proposed by Gidaspow(Gidaspow, 1994), Syamlal and
O’Brien(Syamlal and O’Brien, 1988) and Gibilaro(Gibilaro
et al., 1985) are selected to examine their influence on the
simulated results. In addition, McKeen and Pugsley(McKeen
and Pugsley, 2003) model was used for accounting the cluster effect. The description of the drag models are given in the
Appendix A. The internal phases constitutive equations are
listed in Tables 4 and 5.
The oxygen carrier material used in the simulation is a coper
oxide based material with a CuO content of 14.7 %. The
particle density and diameter are 1700 Kg/m3 and 149 µm
respectively. One step reactions are assumed both for the
fuel and air reactors and given as follows:
4CuO + CH4 → CO2 + 2H2 O + 4Cu

(1)

2Cu + O2 → 2CuO

(2)

The mass transfer between the gas phase and the solid phase
is calculated as following the relation proposed by Jung and
Gamwo (Jung and Gamwo, 2008):
Γg = νO2 MO2 r = −Γs

Numerical implementation of the coupling between
reactors
The chemical looping combustion process is simulated by
utilizing the DLCFB system as described above. A 2D plane
geometry is chosen for the simulation of the fuel and air reactors, which is shown in Figure 2, having the same dimensions as the experimental setup. The computational domain
is meshed by using uniform grids in each direction.
Two different sets of coordinates and parameters are adopted
to solve the governing equations for the AR and the FR respectively. The solid flowing out of the AR is fed into the
bottom of the FR, and in a similar way all the solids that exited at the outlet of FR will be injected into the bottom of
the AR. The exchange of the solid flow between the reactor
units is realized through the time-dependent inlet and outlet boundary conditions. At each simulation time step, the
processes in the two risers are simulated by a sequential approach, the solid flux of the inlet of one riser is calculated
from the solid flowing out of the outlet of the other riser
with the same OC condition. In the experiment, this kind
of continuous solid exchange is achieved by means of cyclones, divided loop-seals and the bottom lift. The cyclones
are neglected in the simulation by assuming the efficiency of
the cyclones are equal to one. The bottom extraction/lift is
replaced by an internal recirculation mechanism in order to
keep the mass balance inside each reactor. In this way, a full
loop is fulfilled for one time step. Then, another computation
loop for next time step will run repeatedly.

The particle was assumed to be composed by spherical grains
of CuO. The shrinking core model (SCM) with the reaction controlled by the chemical reaction in the grain was applied. The equations that describe the reaction model are
follows(Abad et al., 2007):
X=

t
τ

Initial and boundary condition
(3)

Initially, there is no gas flow in the reactor and the bed is at
rest with a particle volume fraction of 0.4. A uniform plug
gas flow is applied at the inlets of the reactors, the inlet solid
flux of one of the reactors is kept consistent with the outlet
solid flux of the other one with a prescribed solid volume
fraction at the inlet. The normal velocities at all boundaries
are set to zero. No-slip wall boundary condition is set for the
gas phase while the solids are allowed to slip along the wall,
following the equation (9) from (Jakobsen, 2014).

where X is the degree of conversion, τ is the time for complete conversion of the carrier and is calculated from:
τ=

rg,CuO
νVM,CuO kCn

(4)

C, n, ν, rg and VM represent the concentration of the gas reactant, reaction order, stoichiometric factor, mean radius of the
grains, and molar volume, respectively. The reaction constant k follows:
k = A exp(−E/RT )

v s,z
ds ∂ #»
#»
v s,z |wall = 1/3
(9)
∂r
αs
where #»
v s,z is the axial velocity of the particles. r denotes the
direction normal to the wall.
For all the scalar variables but pressure, Dirichlet boundary
conditions are used at the inlets, while Neumann conditions
are used at the other boundaries. For the pressure correction
equations, all the boundaries except outlet, Neumann conditions are adopted. At the outlet a fixed pressure (101325 Pa)
is specified.

(5)

where A is the pre-exponential factor of the rate constant, also known as the frequency factor. E is the activation energy, and R is the constant of the ideal gas (R =
8.314J/mol−1 K−1 ).
The reaction rate of equation 1 and 2 is expressed as follows:


ρM,CuO αs ωCuO dX
(−r)i =
(6)
ν
dt i

Numerical Procedure

where i and ρM represent the ith reaction and molar density.
The detailed kinetic parameters are listed in table 6(Abad
et al., 2007).
The source term in the species mass balance equation for the
j th species in the gas can be modelled by:
Γω
g, j = ν j M j r

(8)

The two-fluid model equations are discretized by finite volume method and implemented in a Fortran program. The algorithm is based on the work by Lindborg (Lindborg, 2008)
and Jakobsen(Jakobsen, 2014). The second order central differential scheme is used to discretize the diffusion terms. In
order to reduce the oscillation and keep higher-order accuracy of the numerical solution, a total variation diminishing

(7)
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(TVD) scheme is employed for discretizing the convention
term (van Leer, 1974). In this scheme, cell face values are
calculated from the combination of upwind scheme part and
a suitable anti-diffusive part, which controlled by a smoothness function. In this way, a higher-order discretization
scheme is used in smooth regions and reduce to the first order
at local extrema of the solution. The upwind part is treated
fully implicitly while the anti-diffusive part is treated explicitly. The SIMPLE algorithm for multiphase flow is selected
for the pressure-velocity coupling (Jakobsen, 2014). Due to
the strong coupling of the two phases, the coupling terms are
handled specially in the discretized transport equations, and
then the coupled equations are solved simultaneously by using a coupled solver. The species mass balance equations are
solved by applying a fractional step scheme which decouples
the chemistry (i.e., kinetics) and the transport (i.e., convection and diffusion) terms. All the linear equation systems are
solved by the preconditioned Bi-conjugate gradient (BCG)
algorithm (Lindborg, 2008).
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Figure 3: Axial pressure distribution.
6

RESULTS

McKeen & Pugsley
Experiment

5

Reactor height [m]

The chemical looping combustion experiments have been
conducted in the DLCFB system at SINTEF Energy Research in Trondheim. Pressure transducers were placed along
the reactor bodies to measure the local pressure distribution.
CH4 , CO2 and O2 concentration were measured in the exhaust from the FR and the AR. The operating and initial conditions of the simulation are adopted the same as the actual
experiment, summarized in Table 8. The first part of this section presents the validation of the hydrodynamics and reactive model by using different drag models. Then the chemical
process performances were analysed. The simulations were
conducted for 20 seconds of real time. To ensure the initial
transient effects are not included in the analysis, the last 10
seconds of the simulations are used for extracting the mean
results.
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Figure 4: Axial pressure distribution.

Verification of the hydrodynamic model
could be adjusted to take in to account the effect of interparticle cohesive forces on particle agglomeration. In this study,
the scale factor is set to 0.6.
The predicted axial pressure and solid distribution with McKeen and Pugsley model(McKeen and Pugsley, 2003) shown
in the Figure 4 and Figure 5 respectively. It can be seen
that the predicted results calculated by McKeen and Pugsley
model (McKeen and Pugsley, 2003) are in good agreement
with the experimental data, except for the reasonable deviation occurring in the dense bottom zone, which can be mostly
attributed to the incomplete 2-D description of a real 3-D geometry according to our numerical experiences. From Figure
5, the basic feature of the turbulent fluidization regime was
achieve with coexisting the dilute and dense phase.
Figure 6 displays the predicted axial profiles of the pressure
in the AR with aforementioned drag models. For the AR,
the predicted result calculated by the Gibilaro(Gibilaro et al.,
1985) model shows the best agreement with the experimental data. However, the McKeen and Pugsley model(McKeen
and Pugsley, 2003) underestimated the drag force. It should
be pointed out that the inlet gas velocity in the AR is higher
compared with FR due to the air to fuel ratio, which could
result in the different fluidization regimes of the two reactors
and hence lead to the different degrees of cluster effect. Besides, as the reactions go on, the particle density increases in
the AR and decreases in the FR, which could be another factor to the difference of fluidization regimes of the FR and the

For the simulation procedure, grid sensitivity study was carried out in advance in previous work by Zhang et al (Zhang
et al., 2017). The drag model plays a critical role for the successful simulation of the hydrodynamics in a gas-solid system. Three widely used drag models were selected to examine their effects on the flow behaviour.
Figure 3 shows the predicted axial profiles of the pressure
in the FR. The corresponding axial solid concentration distribution can be found in Figure 5. It can be seen that the
Gidaspow(Gidaspow, 1994), Syamlal and O’Brien(Syamlal
and O’Brien, 1988) models give nearly identical results,
which are overestimate the inter-phase momentum transfer
in the FR, and hence predict a more uniform distribution of
solids across the riser. That is why the predicted pressure
was far away from the experimental data, especially in the
upper part of the reactor. The discrepancy was ameliorated a
little by using the Gibilaro(Gibilaro et al., 1985) model, but
still overestimate the interphase drag force. This could be explained by the cluster effect inside the FR. The existence of
cohesive interparticle forces would lead to grouping of particles, resulting in larger effective particle sizes, and hence
reduced fluid-particle drag forces.
In order to account for the aggregation of particles, some
modifications have been proposed. McKeen and Pugsley
et al.(McKeen and Pugsley, 2003) proposed an empirical
method to reduce the Gibilaro(Gibilaro et al., 1985) drag correction using a constant scale factor, K. This scale factor
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Figure 8: Concentration of CH4 in the FR exhaust and O2 concentration out from the AR.

Figure 6: Axial pressure distribution.

AR. Since the Gibilaro (Gibilaro et al., 1985) model gives
reasonable prediction in the AR whereas overpredictes the
drag force in the FR, it could be concluded that the degree
of clustering in the FR is higher than in the AR. The corresponding solid distribution is shown in 7.

mental data was found when the frequency factor was equal
to 1.35 × 10−3 .
With a frequency factor of 1.35 × 10−3 , McKeen and Pugsley(McKeen and Pugsley, 2003) model in the FR and Gibilaro(Gibilaro et al., 1985) model in the AR, the vertical
profiles of gas concentration in both reactors are examined.
As illustrated in Figure 10, the reactants, CH4 and O2 , are
rapidly consumed at a very short entrance length, where there
is a larger concentration gradient. At the upper part of the
reactors, the concentration gradient is much smaller. The reverse trend is observed for gas products CO2 .

Verification of the chemical reaction model
In this section, the chemical reaction model was validated
based on the experimental results of the CH4 concentration
in the fuel reactor exhaust as well as the O2 concentration out
from the air reactor.
Figure 8 displays the CH4 and O2 concentration calculated
from the simulation and the measurements from the experiments. For both reactors, relatively stable outlet concentrations of the gas species are achieved in just a few seconds
of simulation time, hence the reactive flow can be said to be
at a quasi-steady-state. It can be observed that the predicted
O2 concentration agrees reasonably with the experiment data
although the result is slight under-predicted. However, the
predicted CH4 concentration is far away from the experimental data. This can be explained as the CuO used in the current study is slight different from the literature (Abad et al.,
2007), which would lead to a certain amount of error of the
kinetic parameters. So in order to match the experimental
result, three more frequency factors (A, in equation 5) for reduction reaction were evaluated, as shown in Figure 9. The
best agreement between the simulation result and the experi-

CONCLUSION
The conclusions are:
1. The degree of clustering is higher in the FR than in the
AR, which needs different drag models for each reactor. The predicted results given by McKeen and Pugsley(McKeen and Pugsley, 2003) model in the FR and
Gibilaro(Gibilaro et al., 1985) model in the AR show
good agreement with the experimental data.
2. Due to the difference between the OC used in this study
and the one for deriving the kinetic parameters, the frequency factor need to be modified according to the experimental measurements, andThe best agreement between the simulation result. The frequency factor of
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Table 2: Closure for turbulent model

30

A=6.75 10

CH 4 vol-%, dry

25

-4

Turbulent viscosity
kg2
µtg = ρgCµ
εg
Turbulent kinetic energy production(Jakobsen, 1993)
St = Cb β( #»
v s − #»
v g )2
Turbulent stress tensor(Jakobsen, 2014)
2
τ̄¯ t = − ρg kg ¯Ī + 2µtg S̄¯g
3

A=9 10 -4

FR

A=1.35 10
experiment

20

-3

15

10

Table 3: Empirical parameters for the κ − ε model
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Figure 9: Concentration of CH4 in the FR exhaust.

(Jakobsen, 2014)
σε
C1
C2
1.30 1.44 1.92

Cb
0.25

Table 4: Closure for internal momentum transfer

(Lun et al., 1984; Gidaspow, 1994)

6

Gas phase stress
τ̄¯ g = 2αg µg S̄¯g
Solid phase stress
τ̄¯ s = −(−ps + αs µB,s ∇ · #»
v s ) − 2αs µs S̄¯s
Deformation rate for phase k (k = g, s)
 1
1
∇ #»
v k + (∇ #»
v k )T − (∇ · #»
v k )¯Ī
S̄¯k =
2
3
Solid phase pressure
ps = αs ρs Θs [1 + 2(1 − e)αs g0 ]

CH 4 in FR
CO 2 in FR

5

O 2 in AR
Reactor height [m]

σ0
1.00

4

3

solid bulk viscosity
r
4
Θs 4
µB,s = αs ρs d p g0 (1 + e)
+ αs ρs d p g0 (1 + e)
3
π
5
Solid phase shear viscosity
r

2
2µdilute
4
Θs
4
s
µs =
1 + αs g0 (1 + e) + αs ρs g0 (1 + e)
αs g0 (1 + e)
5
5
π
Conductivity of the granular temperature
r

2
6
15 µdilute
Θs
s
1 + αs g0 (1 + e) + 2α2s ρs d p (1 + e)g0
κs =
2 (1 + e)g0
5
π
Collisional energy dissipation
" r
#
4
Θs
γs = 3(1 − e2 )α2s ρs g0 Θs
− ∇ · #»
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dp
π
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Figure 10: Axial distribution of CH4 ,CO2 and O2 along the reactors.

Table 1: Governing equations.

Radial distribution function
1 + 2.5αs + 4.5904α2s + 4.515439α3s
g0 =

0.67802
αs
1 − ( max )3
αs
Dilute viscosity
p
5
µdilute
=
ρs d p πΘs
s
96

(Jakobsen, 2014; Lindborg, 2008)
Continuity equation for phase k (k = g, s)
∂
(αk ρk ) + ∇ · (αk ρk #»
v k ) = Γk
∂t
Momentum equation for phase k (k = g, s)
∂
v k ) + ∇ · (αk ρk #»
v k #»
v k ) = − αk ∇p − ∇ · αk τ̄¯ k
(αk ρk #»
∂t
#»
#»
+ M k + αk ρk #»
g + Γkv
Species mass balance for phase k (k = g, s)
∂
(αk ρk ωk, j ) + ∇ · (αk ρk #»
v k ωk, j ) = ∇ · (αk ρk Dek, j ∇ωk, j ) + Γω
k, j
∂t
Gas turbulent kinetic energy equation
∂
(αg ρg kg ) + ∇ · (αg ρg kg #»
v g ) =αg (−τ̄¯ t : ∇ #»
v g + St )
∂t
t
µg
+ ∇ · (αg ∇kg ) − αg ρg εg
σg
Gas turbulent energy dissipation rate equation
εg
∂
(αg ρg εg ) + ∇ · (αg ρg εg #»
v g ) =αgC1 (−τ̄¯ t : ∇ #»
v g + St )
∂t
kg
+ ∇ · (αg

Table 5: Constitutive equations for internal mass transfer

(Jakobsen, 2014; Lindborg, 2008)
Effective diffusivity
t
Dek, j = Dm
k, j + Dk
Molecular diffusion coefficient
1−ωj
Dm
g, j =
ω
Mm ∑ M j Dj ji
j6=i

Binary diffusion coefficient
p
T01.75 1/M j + 1/Mi
D ji =


1/3
1/3 2
101.325P (∑ V ) j + (∑ V )i

µtg
ε2g
∇εg ) − αg ρgC2
σε
kg

Turbulent diffusion coefficient
µtg
Dtg =
ρg Sct
dp √
t
Ds =
πΘ
16αs

Granular
temperature equation 

3 ∂
(αs ρs Θs ) + ∇ · (αs ρs Θi #»
v s ) = − τ̄¯ s : ∇ #»
v s + ∇ · (κs ∇Θs )
2 ∂t
− 3βΘs − γs

44

Simulation of chemical looping combustion in a double looping fluidized bed reactor with Cu-based oxygen carriers/ CFD 2017

1.35 × 10−3 gives a reasonable prediction in comparison to the experimental data.
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(Abad et al., 2007)
Physical parameters
ρM,CuO (mol/m3 )
rg,CuO (m)
ν
Kinetic parameters
A(mol1−n m3n−2 s−1 )
E(kJ/mol)
n

CH4

O2

80402
1.4 × 10−6
4

80402
1.4 × 10−6
2

4.5 × 10−4
60
0.4

4.7 × 10−6
15
1

Table 7: Main geometric and operating parameters
Description
Reactor geometry
AR height
AR diameter
FR height
FR diameter
Particle properties
Mean particle size
Particle density
Active NiO content
Operational condition
Operating pressure
Fuel power
Lower heating value of fuel
Inlet composition of FR
Temperature in FR
Temperature in AR
Global air-fuel ratio

Unit

Value

m
m
m
m

6
0.23
6
0.154

µm
kg/m3
%

149
1700
14.7

atm
kW
MJ/kg
−
K
K
−

1.0
100
50
27 % CH4
1100
1100
1.1

Table 8: Main geometric and operating parameters
Description
No. of control volume
Gas viscosity
Sphericity of particle
Restitution coefficient of particles
Initial bed height of FR
Initial bed height of AR
Time step

Unit
−
kg/ms
−
−
m
m
s

Value
22800
1.82 × 10−5
1
0.99
0.9
1.2
1.0 × 10−4
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APPENDIX A
The drag force acting on a particle in gas-solid system can be
presented by the product of a momentum transfer coefficient
(β) and slip velocity between the two phases
#» 3 αs ρg
M = Cd
f (αg )| #»
u g − #»
u s | = β( #»
u s − #»
u g)
4
ds

(A.1)

The correlations of β are usually obtained from pressure drop
measurements.
Gidaspow et al.(Gidaspow, 1994) employed the Ergun (Ergun, 1952) equation for the dense phase and the Wen-Yu
(Wen and Yu, 1966) equation for the dilute phase.

µg (1 − αg )2

ρ


150
u g − #»
u s | αg < 0.8
+ 1.75(1 − αg ) dgs | #»


αg ds2
β=


(1 − αg )αg


 0.75Cd
ρg | #»
u g − #»
u s |α−2.65
αg > 0.8
g
ds
(A.2)
where the drag coefficient CD was expressed by
 24
0.687 ] Re ≤ 1000
p
Re p [1 + 0.15Re p
(A.3)
Cd =
0.44
Re p > 1000
The particle Reynolds number is:
Re p =

αg ds ρg | #»
v s − #»
v g|
µg

(A.4)

Syamlal and O’Brien(Syamlal and O’Brien, 1988) proposed
a new drag coefficient based on the measurements of the terminal velocities of particles in the form
3 αs ρg αg #»
| u g − #»
u s|
β = Cd
4
ds f 2
q
CD = (0.63 + 4.8/ f /Re p )2

(A.5)
(A.6)

where f is the ratio of the failing velocity of a suspension to
the terminal velocity of a single particle.
q
1
f = (A−0.06Re p + ((0.06Re p )2 + 0.12Re p (2B − A) + A2 ))
2
(A.7)
with
A = α4.14
(A.8)
g
 2.65
αg
αs < 0.15
B=
(A.9)
1.28
0.8αg
αs ≥ 0.15
Gibilaro et al.(Gibilaro et al., 1985) considered an effective
buoyancy force to produce drag coefficient correlation for individual particles in a fluidized suspension as follows:
β=[

ρg
17.3
+ 0.336] | #»
v s − #»
v g |αs α−1.8
g
Re p
ds

(A.10)

McKeen and Pugsley et al.(McKeen and Pugsley, 2003) proposed an empirical method to reduce the Gibilaro(Gibilaro
et al., 1985) drag correction using a constant scale factor K.
This scale factor could be adjusted to take in to account the
effect of interparticle cohesive forces on particle agglomeration.
β = K[

ρg
17.3
+ 0.336] | #»
v s − #»
v g |αs α−1.8
g
Re p
ds

(A.11)
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