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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: 

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 

 

 

 

 

 

 

 

 

 

 

 

 

Scientific committee: 

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

ESTIMATION OF FLOW RATES AND PARAMETERS IN TWO-PHASE STRATIFIED AND
SLUG FLOW BY AN ENSEMBLE KALMAN FILTER

Marco FERRARI1∗, Arianna BONZANINI2†, Gianni ARIOLI1‡, Pietro POESIO2§

1Politecnico di Milano, Department of Mathematics, 20133 Milan, ITALY
2Universita’ degli Studi di Brescia, Department of Mechanical and Industrial Engineering, 25123

Brescia, ITALY

∗ E-mail: marco2.ferrari@polimi.it
† E-mail: a.bonzanini001@unibs.it

‡ E-mail: gianni.arioli@polimi.it
§ E-mail: pietro.poesio@unibs.it

ABSTRACT
Data assimilation methods were introduced to reduce production
costs and to optimize processes in different industrial fields, such
as oil & gas reservoir industry or transport of multiphase flows in
pipelines. In flow assurance, these methods, called also soft-sensing
techniques, allow to avoid the use of expensive and complex mul-
tiphase meters to measure some flow characteristics. Moreover,
they allow the estimation of some flow parameters, whose actual
values are unknown. Using these techniques, flow meters may be
substituted by numerical simulations that solve a real-time dynamic
model.
Among data assimilation methods, sequential filtering techniques
allow flow estimation using a mathematical recursive filter where
the estimated state of the physical model is updated in real-time
through a comparison with few available and easy to obtain mea-
surements of the actual system. If an explicit matrix structure of the
model is available, the Extended Kalman filter (EKF) can be used
as a recursive filter; otherwise, in the case of a more complex phys-
ical model, the Ensemble Kalman filter (EnKF), that is a stochastic
extension of the original Kalman filter, can be used in combination
with a numerical code to estimate various pieces of information of
a multiphase flow in pipe.
Previous Authors (see Gryzlov et al. (2010)) used the Extended
or the Ensemble Kalman filter in combination with the simplified
one-dimensional no-pressure wave and drift-flux models to estimate
the inlet flow rate or some correlation parameters in liquid/gas two-
phase flow.
In this work, the application of the Ensemble Kalman filter to the
more complex Two-Fluid model for two-phase flow is investigated.
The possibility to extend flow rate estimations to simulations where
a flow regime transition from stratified to slug flow occurs, simu-
lated with a one-dimensional slug capturing numerical code previ-
ously developed, is shown. The estimation of the pipe diameter by
the real-time soft-sensing technique is performed in order to show
the possibility of evaluating the presence of possible pipe restric-
tions or obstructions along the pipe due to wax deposition, solid
phase scaling or other similar processes, without the use of ad-hoc
physical model or invasive examination of the pipe. All the mea-
surements used in this work for the soft-sensing process are ob-
tained from previous numerical simulations of artificial actual sys-
tems kept as reference.

Keywords: Multiphase pipeline transport, Oil & Gas .

NOMENCLATURE

Greek Symbols
α Volume fraction.
ρ Density, [kg/m3].
µ Dynamic viscosity, [Pa · s].
θ Inclination angle, [rad].
τ Shear stress, [N/m2].
∆ Interval.
υ Measurements Gaussian error.

Latin Symbols
x Axial length coordinate, [m].
t Time coordinate, [s].
p Pressure, [Pa].
u Phase velocity, [m/s].
g Gravity acceleration, [m/s2].
F Frictional force, [N/m3].
rp Pressure relaxation parameter, [(Pa · s)−1].
c Speed of sound, [m/s].
f Friction factor.
Re Reynolds number, [m/s].
D Pipe diameter, [m].
L Pipe length, [m].
S Wetted perimeter, [m].
A Cross-sectional area, [m2].
Q Numerical vector of variables.
L Numerical operator.
s State vector.
v General parameter.
w Gaussian noise.
W Covariance matrix.
M Ensemble number.
T Covariance factor.
P Approximated covariance matrix.
z Measurements vector.
R Measurements covariance matrix.
H Selector matrix.
K Kalman gain.

Sub/superscripts
k General phase.
g Gas phase.
l Liquid phase.
i Interface.
s Superficial.
0 Reference or initial.
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h Hyperbolic.
i Cells index i.
n Time index n.
j Ensemble index j.

INTRODUCTION

Multiphase flows have a relevant role in many engineering
applications such as in oil and gas industries. The possibil-
ity to control and measure flow parameters in wellbore and
pipelines can strongly reduce costs and make growing pro-
duction rate. However, real-time measurements along a well-
bore or a pipe are often expensive and complex to realize.
Therefore, in the last years, substitute methods to optimize
and manage wellbore mining or pipeline transport process
have reached a great importance and development.
Among these replacement methods, multiphase soft-sensors
allow to estimate flow rates and flow parameters from cheap
probes easy to place along a pipe, such as pressure gauges,
combined with dynamic mathematical and numerical model.
A great variety of soft-sensing techniques is available (of-
ten called data assimilation methods), as briefly explained by
(Gryzlov et al., 2010). According to them, two approaches
are possible to soft-sensing: variational data assimilation
methods, that use a minimization of a cost function, and
sequential methods which, by a filtering technique, update
the state of a system every time measurements are avail-
able. A widely used filtering technique is Kalman filtering,
see (Kalman, 1960), initially developed for linear models
and then derived into some extensions, such as the extended
Kalman filter and the ensemble Kalman filter, suitable also
for more complex and non-linear problems.
In the last decade, although soft-sensing techniques have not
been widely employed in multiphase flow applications in
pipes, some few important works have been presented on this
topic. (Lorentzen et al., 2003) applied the ensemble Kalman
filter to the estimation of flow and closure parameters by a
drift-flux model in a two-phase flow; then, the possibility to
estimate both flow rate and parameters through the extended
Kalman filter, applied to a drift-flux model, was discussed in
(Leskens et al., 2008). (Gryzlov et al., 2010) presented an
application of the ensemble Kalman filter, in combination,
once again, with a drift-flux model, to estimate inflow along
an horizontal wellbore under stratified conditions by measur-
ing only pressure along the pipe and the other characteristics
at the outlet section. Recently, a further application of the
extended Kalman filter has been presented in (Gryzlov et al.,
2013), this time combined to the simplified no-pressure wave
model, in order to estimate inflow along a horizontal pipe.
In this work, we try to extend the soft-sensing scheme pre-
sented by (Gryzlov et al., 2010) to a more complex two-fluid
model. (Ferrari et al., 2017) developed a numerical scheme
for a five equation, one-dimensional, hyperbolic two-fluid
model able to capture transitions from stratified to slug flow.
Here, this scheme is adopted in combination with an ensem-
ble Kalman filter in order to create a soft-sensor model for
flow estimations in horizontal pipe. First of all, the final
objective is the estimation of inlet flow rates, knowing only
pressure measurements along the pipe and outlet quantities.
Then, the same technique is applied to a first attempt of es-
timation of a variable pipe diameter along the pipe, which
can represents obstructions or constrictions in the pipe due,
for example, to wax deposition. This phenomenon, in actual
pipelines, can create issues and reduce the efficiency of hy-
drocarbon transportation and it is often difficult to predict,

except through invasive and expensive inspections. So, the
possibility to estimate this type of phenomenon using real-
time dynamical numerical model, through only few easy and
cheap measurements, can achieve a relevant importance in
the optimization of multiphase flow industrial process.
For the applications presented here, the same five equation
model by (Ferrari et al., 2017) is kept also as reference sys-
tem for actual values to be estimated and from which take
pressure and outlet measurements.
The paper is organized as follows: first, the five equation
model and its numerical solution are briefly recalled; then,
the ensemble Kalman filter adopted is presented. Finally, be-
fore conclusion, results are shown, both for the inlet flow rate
and for the diameter estimation.

MODEL AND NUMERICAL SCHEME

Model

In this paper, to describe a two-phase flow, we adopt the
five equation, hyperbolic, one-dimensional, two-fluid model
widely investigated by (Ferrari et al., 2017). The flow is as-
sumed to be isothermal; hence, the energy equations are not
accounted for. The model consists in five time-dependent
partial differential equations, four obtained from the conser-
vation of mass and momentum for each phase. A fifth equa-
tion is added to the system: it expresses the evolution of the
gas volume fraction. The system reads

∂αg

∂t
+ui

∂αg

∂x
= rp(pig− pil) (1)

∂(αgρg)

∂t
+

∂(αgρgug)

∂x
= 0 (2)

∂(αlρl)

∂t
+

∂(αlρlul)

∂x
= 0 (3)

∂(αgρgug)

∂t
+

∂(αgρgu2
g)

∂x
+αg

∂pig

∂x
+ρgαgg

∂h
∂x

cos(θ) =

−ρgαggsin(θ)−Fgw−Fi (4)

∂(αlρlul)

∂t
+

∂(αlρlu2
l )

∂x
+αl

∂pil

∂x
+ρlαlg

∂h
∂x

cos(θ) =

−ρlαlgsin(θ)−Flw +Fi. (5)

where the subscripts l and g stand for liquid and gas phase,
respectively, interfacial variables have the subscript i and the
subscript w indicates the wall. α is the volume fraction, ρ is
density, u stands for phase velocity and p for pressure; pig
and pil indicate gas and liquid interfacial pressures; θ is the
inclination angle, see Fig. 1, and g is the gravity accelera-
tion. The F terms are the frictional forces per unit volume:
they need closure relations, which are introduced at the end
of this Section. Finally, h is the height of the liquid surface,
as shown in Fig. 1. Pressure formulation derives from the
average pressure value at each phase in stratified conditions,
as shown by (Brauner and Maron, 1992). Finally, the equa-
tions are complemented by αg +αl = 1.
Thanks to the addition of the further Eq. (1), the five equation
system becomes hyperbolic. Eq. (1) needs a closure relation
for the interfacial velocity: (Saurel and Abgrall, 1999) pro-
posed to estimate it as the velocity of the centre of mass

ui =
∑αkρkuk

∑αkρk
. (6)

The right-hand side of Eq. (1), in which the pressure relax-
ation parameter rp appears, takes into account the instanta-
neous pressure relaxation process. More details about instan-
taneous pressure relaxation process are discussed in (Ferrari
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et al., 2017), (Saurel and Abgrall, 1999), and (Munkejord
and Gran, 2009).
The five-equation system (1) - (5), with instantaneous pres-
sure relaxation, provides a strictly hyperbolic alternative to
the traditional four-equation two-fluid model and it is suit-
able for slug capturing, as shown and discussed in (Ferrari
et al., 2017).

Equations of State (EOS)

In the model adopted here, liquid and gas phases are both
assumed to be compressible, hence the balance Eqs. (1) - (5)
must be complemented with the equation of state (EOS) of
each phase

pik = c2
k(ρk−ρk,0)− p0, (7)

which relates pressures to densities; ck is the speed of sound
in phase k, ρk,0 is the reference density and p0 is the reference
pressure.

Closure models

The closure relations for the liquid-wall Flw, gas-wall Fgw
and interfacial Fi shear forces are defined as

Flw =
τlwSl

A
, Fgw =

τgwSg

A
, Fi =

τiSi

A
, (8)

where, see Fig. 1, A is the cross-section area, Sl , Sg stand for
the perimeters wetted by the liquid and gas phases, respec-
tively, and Si is the cross section of the interfacial surface
between the two phases.
Shear stresses τ are expressed as

τlw =
1
2

flwρl |ul |ul , τgw =
1
2

fgwρg|ug|ug,

τi =
1
2

fiρg|ug−ul |(ug−ul).

(9)

In this work, we adopt the same friction factors formulation
adopted by (Issa and Kempf, 2003) and (Ferrari et al., 2017).
For the gas-wall friction factors and for interfacial friction
factors the correlations used for turbulent flow are

fg =


16
Reg

if Reg < 2100, (10a)

0.046(Reg)
−0.2 if Reg ≥ 2100; (10b)

fi =


16
Rei

if Rei < 2100, (11a)

0.046(Rei)
−0.2 if Rei ≥ 2100. (11b)

For liquid wall friction force we use

fl =


24
Rel

if Rel < 2100, (12a)

0.0262(αlResl)
−0.139 if Rel ≥ 2100. (12b)

Figure 1: Geometry.

The Reynolds numbers are defined as

Reg =
4Agugρg

(Sg +Si)µg
, Rei =

4Ag|ug−ul |ρg

(Sg +Si)µg
,

Rel =
4Alulρl

Slµl
, Resl =

Duslρl

µl
,

(13)

where, as indicated in Fig. 1, D is the pipe diameter, Ag and
Al are the pipe cross section occupied by the gas and liquid
phase, respectively; µ is the dynamic viscosity and usl stands
for the superficial liquid velocity.

Numerical method

Following previous works by (Ferrari et al., 2017) and
(Munkejord and Gran, 2009), Eqs. (1) - (5) are discretised on
a uniform one-dimensional grid, by a finite volume method
and a first order explicit time discretisation. The numerical
solution is obtained through a succession of operators in a
fractional-step process

Qn+1
i = L∆t

s L∆t
h Qn

i (14)

where Qn
i stands for the numerical approximation of the vec-

tor of variables in the cell i at time n and Qn+1
i is the same

vector at time n+ 1. Therefore, the solution is updated, at
each numerical iteration, in two sequential sub-steps.
In the first sub-step, the hyperbolic operator L∆t

h is applied,
in each control volume i, to solve the hyperbolic system con-
taining non-conservative terms

∂q
∂t

+A(q)
∂q
∂x

= 0. (15)

This requires the solution of the linear Riemann problem
at interface of each cell, by a Roe method, and leads to an
upwind resolution of the wave phenomena appearing in the
problem. The solution of the Riemann problem is obtained
basing on the high-resolution Roe5 solver by (Munkejord and
Gran, 2009). To solve the hyperbolic system (15), at each it-
eration, the value of the unknown vector Qh,n+1

i is computed
using a high resolution extension of Godunov’s method. The
use of a high resolution correction guarantees a second order
accuracy in space.
In (Ferrari et al., 2017) the Roe5 scheme is modified to
take into account the pressure terms for stratified flow, shear
forces, and transition from two (i.e. stratified flow) to one
phase (i.e. slug flow).
Finally, in a second sub-step, the operator L∆t

s is applied to
add source terms, appearing in momentum Eqs. (4) - (5), and
to take into account the pressure relaxation process.
As pointed out by (Munkejord and Gran, 2009) and (Fer-
rari et al., 2017), the five equation system with instantaneous
pressure relaxation can be adopted as an alternative numeri-
cal method to solve the four-equation two-fluid model, gain-
ing the hyperbolicity.
Since in a slug capturing process, during the slug onset pro-
cess, the transition from two-phase flow to single phase flow
occurs, the liquid volume fraction grows and tends to unity;
conversely, gas volume fraction tends to zero and this gen-
erates numerical problems as discussed by (Munkejord and
Gran, 2009). Ferrari et al. (Ferrari et al., 2017) introduce a
slug criterion to handle these numerical issues.
This numerical method is implemented in a code called 5ES-
CARGOTS. Details are discussed in (Ferrari et al., 2017).
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ENSEMBLE KALMAN FILTER

To solve the inverse problem, since the system of Eqs. (1)
- (5) adopted in this work is non-linear, we need to use the
ensemble Kalman filter (EnKF), an extension of the Kalman
filter. This filter has been used by (Gryzlov et al., 2010) and
(Lorentzen et al., 2003) in their works.
The main difference between EnKF and traditional Kalman
filter is how the error covariance matrix is calculated. The
ensemble Kalman filter calculates the approximation of the
covariance matrix using an ensemble of model forecasts. The
members of the ensemble can be generated randomly from a
Gaussian distribution, as done in (Gryzlov et al., 2010).
First, a state vector is introduced

s = [αl,i ug,i ul,i pi vi]
T (16)

where the primitive variable αl , ug, ul and p are extrapolated,
each time the filter is used, from the numerical solution of the
five equation system (1) - (5), in which the values of the two
densities are rounded up in the common value of pressure p.
The subscript i is the cell index of the numerical discretiza-
tion. If the final purpose is also the estimate of model param-
eters, these are accounted for in the generic variable v.
In order to initialize the filter, the initial ensemble of the state
vector is generated (for semplicity, the cell index i is omitted)

s0, j = s0 +www0, j (17)

where j indicates the j’th member of the ensemble, s0 is the
initial mean state vector and www0, j is a Gaussian noise with
zero mean.
So, the state vector is estimated through a recursive scheme,
composed by the following two steps:

1. forecast step - the direct model is run one time step
forward for each member of the ensemble obtaining the
updated forecast state vector

s−n, j = χ(sn−1, j)+wwwn, j (18)

where wwwn, j corresponds to the model error covariance
matrix Wn, n denotes the time step and χ is the model’s
numerical solution function.
The model error is usually added only to the compo-
nents of the state vector s that have more uncertainty on
their values, as in the case of parameters or input quan-
tities.
Then, through the mean value of the state vector

s−n =
1
M

M

∑
j=1

s−n, j (19)

and the factor

T−n =
1√

M−1
[(s−n,1− s−n ),(s

−
n,2− s−n ), . . . ,(s

−
n,M− s−n )]

(20)
we obtain the error covariance matrix

P−n = T−n (T
−
n )

T (21)

where M is the number of the members of the ensemble;

2. analysis step - measurements zn, j, distributed with
known variances, are take into account. As pointed out
by (Gryzlov et al., 2010), assuming that measurement
errors are statistically independent, the measurements

covariance matrix R is diagonal and constant. The ma-
trix H is used to select data or physical characteristics
from the actual system to obtain the measurements that
will be compared to the corresponding values of the
forecast state vector, as follows

zn = Hnsn +υυυn (22)

where υυυn is the measurement Gaussian error identified
by the covariance matrix R.
Therefore the Kalman gain is calculated as follows

Kn = P−n HT (HP−n HT +R)−1 (23)

and the analyzed state for each member of the ensemble
is given by

sn, j = s−n, j +Kn(zn, j−Hs−n, j). (24)

Finally, the mean value of the analyzed ensemble is

sn =
1
M

M

∑
j=1

sn, j. (25)

and it represents the best estimate of the actual system.

Now, the cycle can restart from the step 1.
To avoid poor quality performances of the filter due to trun-
cation errors, since variables involves in the Kalman filtering
process can have different orders of magnitude, the variables
in the state vector s have to be adimensionalized on some
reference values sre f , as suggested by (Gryzlov et al., 2010)

sad = s/sre f , (26)

obtaining the adimensionalized state vector sad in which
quantities have the same order of magnitude. In this work,
the reference values are ones assumed by the variables of the
problem in the last cell of the discretized geometries, corre-
sponding to the outlet section. Therefore

sre f = [αl,o ug,o ul,o po vo]
T , (27)

where the subscript o stands for outlet. The same procedure
is applied to the measurement vector z.

RESULTS

Flow rate estimate

In a first test case we try to estimate inlet flow rates in slug
flow conditions. First, using the 5ESCARGOTS code by
(Ferrari et al., 2017), we simulate an air/water two-phase
flow reference problem in a horizontal pipe to keep as actual
system to be estimated. The pipe is 36 m long with a diam-
eter equal to 0.078 m. The simulation starts with stratified
conditions; inlet superficial velocities are chosen to guaran-
tee that slug flow conditions will develop during the simu-
lation. Therefore, gas and liquid superficial velocities are
fixed to 2.0 m/s and 1.5 m/s, respectively. Cells number is
set to 900, corresponding to a CFL condition of 0.25. Out-
let is open to ambient pressure. The liquid phase is water
(µl = 1.14 · 10−3 Pa · s, ρ0,l = 1000.0 kg/m3) and the gas
phase is air (µg = 1.79 · 10−5 Pa · s, ρ0,g = 1.0 kg/m3). In
Fig. 2 the liquid volume fraction profile along the pipe after
8 s of simulation is reported: it is clearly visible a slug in the
second half of the pipe.
Then, by the combination of the same 5ESCARGOTS code
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with an ensemble Kalman filter, a soft-sensing scheme is im-
plemented in order to estimate actual inlet flow rate (i.e. in-
let superficial velocities of the first simulation) starting from
a initial guess, for example 1.0 m/s for both gas and liquid
superficial velocities. The state vector, in this case, is defined
as

s = [αl,i ug,i ul,i pi]
T (28)

where inlet superficial velocities are extrapolated directly
from the left boundary condition. The ensemble Kalman fil-
ter is inizialized by gaussian errors based on standard devia-
tions about 1% of the value of the characteristics of the state
vector s.
In a first test, we run a soft-sensor with the so-called twin
simulation, see (Gryzlov et al., 2010), i.e. a simulation with

0 6 12 18 24 30 36
Distance [m]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

L
iq

ui
d 

vo
lu

m
e 

fr
ac

tio
n 

[]

Actual value

Figure 2: Slug flow after 8 s of simulation. Liquid volume fraction
profile.
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Figure 3: Inlet flow rate estimation by pressure measurements in
every cell along the pipe.

the same conditions of the actual one, except for inlet su-
perficial velocities. Inlet conditions are estimated through
measurements of pressure in each cell along the pipe and by
the measure of the other characteristics at the outlet section
every 0.25 s.
Figure 3 shows the estimated inlet superficial velocities com-
pared to the actual values of the first simulation: the soft-
sensor, with the ensemble number set to 100, estimates very
well actual values for both phases, also when slug flow arises
and develops, i.e. after about 5 seconds of simulation. On
the other hand, the great number of pressure measurements
used in this case is unrealistic for an application.
If we try to reduce the number of numerical pressure gauges
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Figure 4: Inlet flow rate estimation by 36 pressure measurements
along the pipe.

along the pipe, the soft-sensor system becomes quickly un-
stable, due probably to the great number of unknown that
characterized the five equation model adopted, if compared
to the number of measurements chosen to use here.
Therefore, in a second test case, we decide to run the soft-
sensor reducing the number of cell to 36, measuring pressure
from the actual simulation only in the 36 positions along the
pipe, corresponding to the centre of each of the 36 cells used
in the soft-sensor. If that, on one hand, leads to a more poor
physical description of the slug phenomenon, it allows, on
the other hand, to reduce computational costs and the number
of pressure measurements along the pipe, making the soft-
sensor more suitable for real application.
Figure 4 shows results in the case of 36 pressure measure-
ments. It is clearly visible that the estimate is very good only
for the first five seconds of simulation, i.e. when the flow
is stratified. Then, when slug conditions arise (after about
5 seconds of simulation, as indicated in Fig. 4), estimates
leave the actual values and the estimate error becomes a lit-
tle higher, in the order of 5-10%. This fact is due to the
inadequate description of the slug flow since the number of
cells is insufficient. Therefore, in future applications, a bet-
ter compromised between the accuracy in the simulation of
the physical phenomena and the efficiency of the soft-sensing
technique would be investigated.
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Diameter estimate

In actual pipelines, wax deposition can create obstructions or
constrictions reducing the efficiency of hydrocarbon trans-
portation. This phenomenon is often difficult to predict, ex-
cept through invasive and expensive inspections. Therefore,
the possibility to estimate the entity and the position of a po-
tential obstructions along a pipe, using real-time dynamical
numerical model, through only few easy and cheap measure-
ments, can be very important in the optimization of multi-
phase flow industrial process.
This can be obtained, through a soft-sensing technique, con-
sidering the diameter not as a constant parameter but as a
variable, that can assume, at the same instant, N possible dif-
ferent values, where N is the number of cells, taking into
account the presence of potential reduction of the local cross-
section.
Therefore, the same technique presented in the previous Sec-
tion is here applied to a first attempt of estimate of a variable
pipe diameter along the pipe. Geometrical and flow condi-
tions are the same of the previous test case, but now the un-
knowns to be estimated are not inlet flow conditions but the
values of a variable diameter along the pipe. So the state
vector, in this case, becomes

s = [αl,i ug,i ul,i pi di]
T , (29)

where di are the different diameters in the cells.
First of all, a simulation with a constant diameter, set to the
value of 0.078 m, is run and it is kept as actual reference for
the following estimate process. Then, by the use of an en-
semble Kalman filter, a soft-sensor simulates the same test
case but with a diameter value expressed for each cell. As
initial guess, the soft-sensor starts with a distributed diame-
ter with same value in each cells, fixed to 0.13 m, to which is
added a Gaussian noise.
Preliminary tests have showed that the estimate of non con-
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Figure 5: Diameter estimate along the pipe at three different time
instants.

stant diameter makes the soft-sensor unstable and not effi-
cient. In fact, as pointed out by (Gryzlov et al., 2010), the
attempt to estimate parameters, in particular if their number

is large, as in this case, increases the size of the state vector s,
in which the variable diameter must be included. This leads
to a dramatical decreasing of the robustness of the method.
Therefore, as first attempt, we decide to include among mea-
surements to be used for the estimate process, beside pres-
sure values, also liquid volume fraction values along the pipe,
in order to decrease the great disparity between the size of the
state vector and the number of the available measurements.
Obviously, this compromise is quite unrealistic for actual ap-
plications, but it allows us to obtain and discuss some first
results. As for the inlet flow rate estimate, soft-sensor is set
to a cell number equal to 36.
Figure 5 shows the estimated diameter along the pipe at dif-
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Figure 6: Mean diameter estimate during simulation.

ferent times in comparison with the actual diameter value.
The estimate quickly reaches the actual value along all the
pipe in the first seconds of simulation, i.e. when the flow
is stratified; then, after the development of the first slug, the
estimate becomes less accurate, with significant oscillations.
In Fig. 6 the profile of the estimate of the mean diameter
during the simulation, calculated along cells, is compared to
the actual value. In this last case, the less accuracy of the
soft-sensor when the flow is under slug regime is less visible.
This results lead to the conclusion that the estimate of a vari-
able diameter along the pipe is feasible also under slug flow
conditions; however, the five equation model adopted here
seems to be too complex for a soft-sensing application, since
the great size of the state vector badly affects the filter accu-
racy.

CONCLUSION

In this paper, a soft-sensing technique, composed by a five
equation two-fluid model and an ensemble Kalman filter, is
presented. The 5ESCARGOTS code, numerically developed
for slug capturing purposes by (Ferrari et al., 2017), guar-
antees to capture the transition from stratified to slug flow;
here it is combined with an ensemble Kalman filter, in or-
der to estimate real-time inlet flow rate and variable diameter
along the pipe, using the less possible number of measure-
ments from the actual system.
Results shows estimate in quite good agreement with actual
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values, but they demonstrate also some limits of the soft-
sensor presented in this paper. In fact, this work leads to
the conclusion that the estimate of inlet flow rate and vari-
able diameters along the pipe seems to be feasible also under
slug flow conditions; however, in some cases, the five equa-
tion model appears too complex for a soft-sensing applica-
tion since the great size of the state vector badly affects the
filter accuracy. In future applications, a better compromised
between the accuracy of the slug phenomenon simulation and
the efficiency of the soft-sensing technique would be investi-
gated.
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