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Contact person: Gianandrea Vittorio Messa

Summary of the Project
The project consists in arranging a course on particle-laden flows, i.e. two-phase flows of a fluid and
solid particles, from an engineering perspective, by focusing on application cases chosen around the
research expertise and interest of the teachers. The course consists of different modules, focused on:
 physics of particle-laden flows and numerical models;
 pneumatic and hydraulic transport of solids in pipeline systems;
 the problem of impact and abrasion erosion;
 case studies and real applications.
Built on a strong theoretical foundation, the course has a clear application-oriented view, allowed by
the long-term cooperation of the teachers with important industrial partners, which might also be
involved in the project. The course will be included in the PoliMI-POK platform (www.pok.polimi.it)
exploiting the support of the METID staff from PoliMI. It will be freely accessible and, therefore, it
can be attended by PhD students as well as academic and professional engineers. The course follows
the philosophy of online distance learning and it is designed as a MOOC (Massive Online Open
Course). For each module, the students are provided teaching materials (video lessons and course
packs) and suggested research papers or technical books. Self-evaluation questions are given at the
end of each module. For PhD attenders, the number of ETCS released and the requirements for exam
validation will be decided by the single PhD Schools, possibly involving the teachers of the MOOC.
For instance, the students (single or in groups) might be asked to prepare a report about a selected
topic and discuss it online with the teachers. Such reports may possibly be provided as teaching
material in the next edition of the course.

Members of the consortium





Politecnico di Milano (IT-PoliMi, Project Leader)
Ceské Vysoké Uceni Techniché v Praze (CZ-CVUT)
Universidade Estadual de Campinas (BR-UNICAMP)
Xi’an Jiaotong University (CN-XJTU)*

* Dr. Zhiguo Wang recently left CN-XJTU and started working as Associated Professor at Xi'an Shiyou
Univerisity, which is not a TIME member institution. Dr. Zhiguo Wang remained involved in the
course and his earlier colleague from CN-XJTU, Professor Xu Donghai kindly accepted to be a
reference contact for his university.

Key Staff (Name, Position, E-mail)







Gianandrea Vittorio Messa, Assistant Professor at IT-PoliMi, main contact and course
coordinator, gianandreavittorio.messa@polimi.it
Václav Matoušek, Professor at CZ-CVUT, v.matousek@fsv.cvut.cz
Stefano Malavasi, Professor at IT-PoliMi, stefano.malavasi@polimi.it
José Gilberto Dalfré Filho, Assistant Professor at BR-UNICAMP, dalfre@fec.unicamp.br
Zhiguo Wang, Associate Professor at Xi'an Shiyou Univerisity, wangzhiguo029@126.com
Xu Donghai, Professor at CN-XJTU, xudonghai@mail.xjtu.edu.cn

Activities and results achieved by June 15, 2019


As soon as the approval of the project proposal was notified to the course coordinator,
communication was given to the PoliMI-DICA Department Council and on the website of the
Fluid Lab research group (click here). At the same time, there has been many contacts between
the course coordinator and the METID office of PoliMI, which will be in charge to manage the
technical arrangement of the MOOC and his upload on the PoliMI-POK portal.



As a first step, a MOOC proposal form was prepared and submitted for approval by the PoliMI
delegate authority, which occurred around March 15, 2019 (see attachment). The form provides
details on the structure of the MOOC, including the arrangement of the lessons into weeks, and
the specification of the learning objectives for each week. Particularly, it was decided to divide
the MOOC into four weeks of theoretical video-lessons, which will be recorded in the PoliMIMETID studios by Gianandrea Vittorio Messa (PoliMI) and Václav Matoušek (CVUT), followed by a
number of case studies, which will be provided in the form of text, images, and animations.



A draft form was designed to gain a certain homogeneity among the case studies and facilitate
their conversion into media formats by the METID staff (see attachment). Initially, it was planned
to include only three case studies provided by the project partners, namely:
o Slurry erosion of valves for the oil industry (Stefano Malavasi, PoliMI)
o Apparatus for erosion of hydraulic concrete (José Gilberto Dalfré Filho, UNICAMP)
o Erosion behavior in large-scale hydraulic fracturing for shale gas production (Yihua Dou, Xi'an
Shiyou Univerisity)



At a later stage, it was decided to invite guest contributors to provide their own case. This winwin strategy will give visibility to the MOOC, to the guest contributors themselves, and,
indirectly, to the TIME association. It will also be a change to establish a network of people
working on similar topics, opening the way to future cooperation. At present, three additional
case studies have been collected, namely:
o Erosive degradation of pump impeller when handling slurry of copper tailing (Magdalena
Walczak, Pontificia Universidad Católica de Chile)
o Innovative pipe design for mitigating elbow erosion (Francisco Souza, Federal University of
Uberlândia, Brazil)
o Erosive wear of prototype-scale Pelton turbines (François Avellan, École Polytechnique
Fédérale de Lausanne, Switzerland)

Based on the above, the current arrangement of the theoretical lessons and the case studies is as
summarized in the figure.



The design of the video lessons was started at the beginning of May 2019. The METID staff
required to prepare, for each of the 19 lessons, a “storyboard” consisting in a power point
presentation and a text document reporting the teacher’s speech associated to each slide of the
presentation (see attachment). The storyboard is reviewed by METID, and, if approved, it will be
used to shoot the video lesson. The first lesson of the course was recorded on June 7, 2019.

Next actions to be planned


The next months will be mainly dedicated to the preparation of the theoretical lessons (including
the arrangement of the storyboard and the shooting of the videos). As indicated in the proposal,
this will be due by December 31, 2019.



At the same time, it is intended to contribute to the project visibility, also by inviting other
colleagues (academic and/or industrial) to submit their own case studies. A good opportunity will
be represented by the 19th Int. Conf. on Transport and Sedimentation of Solid Particles, which
will be held in Cape Town in September 2019, since Gianandrea Vittorio Messa and Václav
Matoušek are both members of the scientific committee of the conference.

Sustainability of the programme

It is intended to use the funding received from TIME for the arrangement of the video-lessons, to
cover the expenses of mobility exchanges between the teachers, and to promote the visibility of the
project. Once the MOOC will be available on the PoliMI-POK portal, it might be virtually permanently
provided without additional costs. However, the partners’ vision is of a project that will undergo
further development after the end of the TIME funding. In particular:


The PoliMI unit has already made the first steps towards the inclusion of the MOOC lessons as
part of the PhD course “Lifetime Analysis and Critical Working Conditions of Hydraulic Devices”,
taught by Stefano Malavasi and Gianandrea Vittorio Messa. The MOOC will bring innovative

teaching methods to the PhD course, whose next edition will be in 2020.


The MOOC can be improved even after it has been made available on the PoliMI-POK portal. This
can be achieved by adding other case studies (the partners intend to go on strengthening and
enlarging the network of contributors) or text attachments, open access papers and
presentations, etc.



Depending on the feedback of the users on the PoliMI-POK portal, in the future it might be
evaluated with METID the convenience of proposing the MOOC for inclusion in the Coursera
portal.

Project expenses
The planned budget for the project is 15000 €. In relation with the project expenses:





About 2500 € were used to support the participation of Gianandrea Vittorio Messa to the
22nd International Conference on Wear of Materials, 14-18 April 2019, Miami, Florida, USA.
At this conference, one of the most important reunions of researchers on impact erosion, Dr.
Messa brought visibility to the project, and he successfully invited Magdalena Walczak and
Francisco Souza to contribute to the MOOC with their own case study.
The amount of budget requested by the PoliMI-METID staff to support the realization of
the video lessons will be precisely defined at a later stage, and it will be in the range
2000-5000 € according to specific details and agreements.
Part of the funding will be used to support the visit of Prof. Vaclav Matoušek to PoliMI to
shoot some of the video lessons.

The remainder of the budget will be used for:
 Mobility of the project partners and participation to conferences where the MOOC will be
promoted and other people will be invited to provide their own case studies.
 Covering the open access fees of publications that will be provided as teaching material for
the MOOC, of course acknowledging TIME for the support. These publications will mostly be
research papers on scientific journals but they might include contributions to video-journals
too, e.g. JoVE.

ATTACHMENT 1: "Course details page" submitted and approved by the PoliMI delegate authority
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MOOC PROPOSAL FORM
The MOOC described below is proposed in the context of a project recently financed with the “T.I.M.E. Call
of Projects 2018-2019”. Coordinator of the project is PoliMI - DICA (Gianandrea Vittorio Messa, contact
person and course coordinator; and Stefano Malavasi), and the other partners are Czech Technical University
in Prague, University of Campinas, Xi’an Jiaotong University, and Xi’an Shiyou University. The proposers’ idea
is to interpret the MOOC as the synergy of two complementary parts. The former, handled by Gianandrea
Vittorio Messa and Vaclav Matoušek, is mostly teaching-oriented, and it consists of lessons, recorded in the
PoliMI METID studio, providing the physical and modelling fundamentals of the subject. The latter consists
of case studies provided by the other partners of the project as well as invited contributions from academic
and industrial experts. In addition to giving more visibility to the MOOC, this will allow creating a community
of people worldwide dealing with the same topic from different perspectives, opening the way to possible
future cooperation.
MOOC TITLE:
PARTICLE-LADEN FLOWS: THEORY AND ENGINEERING APPLICATIONS
LANGUAGE:
ENG
MOOC SUBTITLE:
Solid particles carried along in a fluid flow: physical fundamentals, measurements techniques, and
modelling frameworks in an application-oriented view.
LEARNING GAP TO FILL:
Particle-laden flows, i.e., flows of solid particles in a liquid, are encountered in many engineering fields,
including but not limited to those related to the proposers’ expertise and interest, namely, hydraulic
engineering, oil&gas industry, and mining industry. However, despite their importance, particle-laden flows
are such a specific topic that they are unlikely to be the subject of courses offered in M.Sc. or PhD programs.
Short courses and specialized workshops are organized all over the world, but their generally high fees might
prevent their attendance by undergraduates and young researchers. As a result, students developing a thesis
on particle-laden flows are often required to build their knowledge themselves, interpreting the scientific
literature based on their acquired skills with the assistance from an experienced supervisor. The present
MOOC will provide the fundamentals of particle-laden flows and, therefore, it is aimed at people having a
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basic knowledge of fluid mechanics but facing the specific topic for the first time, typically M.Sc.
undergraduates and PhD students. However, being built on a strong theoretical foundation but with a clear
application-oriented view, the MOOC can be of interest to professional engineers who, dealing with particleladen flow related issues, would like to acquire a scientifically rigorous overview of the topic in order to
develop effective solutions.
LEARNING OBJECTIVES OF EACH WEEK
Week 1: FUNDAMENTALS OF PARTICLE-LADEN FLOWS


Identify the different types of two phase flows



Recall the main concentration-related parameters



Explain how the dispersed phase in a particle-laden flow can be characterized



Discuss the physical interactions between solid particles and a turbulent fluid flow



Recognize and describe the Lagrangian particle equation of motion



Apply the mathematical models to solve simple problems



Argue the importance of the different terms in the particle equation of motion for a given problem

Week 2: MULTI-SCALE MODELLING OF PARTICLE-LADEN FLOWS


List and classify the different modelling approaches



Explain the theoretical basis of each modelling approach



Recognize the basic equations of each modelling approach



Discuss pros and cons of each approach in an general fashion



Recommend the best modelling approach for a specific problem

Week 3: TRANSPORT OF SOLIDS IN PIPELINE SYSTEMS


Outline the engineering importance of the problem



Recall and explain the technical parameters of most engineering interest



Describe the different investigation methods and discuss their pros and cons



Explain the fundamental equations of conceptual models



Illustrate the main features of experimental testing techniques



Discuss the main simulation techniques



Recommend the best modelling approach for a given problem

Week 4: SOLID PARTICLE EROSION


Outline the engineering importance of the problem
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Recall and explain the key parameters affecting solid particle erosion



Describe the different investigation methods and discuss their pros and cons



Be aware of the limitations of the existing methods and the research frontiers

PREREQUISITES:
In the MOOC, particle-laden flows will be introduced from the fundamentals and the videos will be designed
to be comprehensible to the widest possible public, providing the most technical information in text form
with attachments. However, the MOOC is pitched to M.Sc. undergraduates and post-graduate engineers. In
order to appreciate the lessons, the following prerequisites are recommended: material point mechanics,
continuum mechanics, calculus, and basic fluid mechanics.
BRIEF DESCRIPTION OF THE COURSE (contents + activities):
The MOOC will provide an application-oriented yet theoretically rigorous overview of particle-laden flows.
After a short presentation of the partners involved in the project, the MOOC will be divided in four weeks of
theoretical lessons followed by case studies (in the greatest possible number, depending on the amount of
contributions received by the proposers).


Week 1: Fundamentals of particle-laden flows, including the key parameters and physical features
of a two-phase solid-fluid system, the physical interactions between solid particles and the turbulent
fluid flow, and the Lagrangian particle equation of motion.



Week 2: Multi-scale modelling of particle-laden flows, i.e. the description of the modelling
approaches according to the scale of observation, namely DNS-based methods, RANS-based
Lagrangian methods, and Euler-Euler based methods.



Week 3: Transport of solids in pipeline systems, the presentation of the main physical and
engineering features of the solid particle conveyance in pipes, as well as the most widely used
investigation and prediction techniques.



Week 4: Solid particle erosion, i.e. the removal of materials from pipeline components and
equipment due to the impingements from solid particles carried along with the flow. The
phenomenon will be analyzed mostly from the fluid-dynamic perspective, and the commonly
followed investigation methodologies will be presented and their limitations will be assessed.

The case studies will be either research or real-case applications related to the topics of the course. All cases
will be presented in a standard format agreed with METID, consisting of text with attachments, photos and
possibly self-made videos. At present, the following cases have been decided: hydro-abrasive wear of
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concrete structures (University of Campinas, Brazil), impact erosion of control valves in oil and gas production
systems (PoliMI), and erosion behavior in non-Newtonian fracturing fluids (Xi’an Shiyou University, China).
At the end of each of the four weeks of lessons, a multiple-choice quiz will serve as a feedback mechanism
to monitor the student understanding. Two possible finalities of the course have been planned:


Being the MOOC accessible by everyone free of charge, it can be attended by people interested in
having a first overview on the topic, including M.Sc. and PhD students, academic researchers, and
professional engineers.



Additionally, the MOOC can be used to introduce concepts of innovative teaching to existing M.Sc.
or PhD courses. Particularly, the idea is to renew the course “LIFETIME ANALYSIS AND CRITICAL
WORKING CONDITION OF HYDRAULIC DEVICES” taught by Stefano Malavasi and Gianandrea Vittorio
Messa and offered with the framework of the PhD in Environmental and Infrastructure Engineering
at PoliMI (PhD-IAI). Upon agreement with the Academic Board of the PhD-IAI, it can be decided that
attending the MOOC and passing the quizzes is required before deepening autonomously a subject
related to the course under the supervision of the teachers.

COURSE STAFF:
The course staff includes the two teachers of the video lessons, who are Gianandrea Vittorio Messa (PoliMI,
course coordinator) and Vaclav Matoušek (Czech Technical University in Prague), as well as the contributors
of case studies.
Gianandrea Vittorio Messa
Course coordinator Gianandrea Vittorio Messa was born in Monza (Milano, Italy) on
6th July 1984. He received the Master Degree cum laude in Civil Engineering and the
PhD cum laude in Environmental and Infrastructure Engineering at Politecnico di Milano
in 2009 and 2013, respectively. Since 2015, he is Assistant Professor at the Department
of Civil and Environmental Engineering of the same university. He is member of the
FluidLab research group, led by Prof. Stefano Malavasi. His research interests mainly
concern the numerical and physical modelling of slurry flows and related phenomena,
such as hydrotransport processes and impact wear of materials. As a side activity, he
also dealt with the topics of energy dissipation and cavitation in hydraulic devices.
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Vaclav Matoušek
Václav Matoušek was born in Teplice, Czechoslovakia, in August 14, 1963. He received
the Master Degree in Civil Engineering from the Czech Technical University (CTU) in
Prague in 1986 and the PhD cum laude in Mechanical (Dredging) Engineering from the
Delft University of Technology, the Netherlands, in 1997. From 2010, he is Full Professor
of Water Engineering and Water Management at Faculty of Civil Engineering of CTU in
Prague. Currently, he is Deputy Head of Dept. of Hydraulics and Hydrology at CTU and
Senior Research Fellow with the Institute of Hydrodynamics, Academy of Sciences of
Czech Republic. His research focuses primarily on two-phase flows with a special
attention to pipeline transport of slurries, slurry pumping, rheology of mixtures, flow of
rheologically active slurries, sediment transport in open channels and river morphology.

As already planned, the first three case studies will be presented by Stefano Malavasi (PoliMI), José Gilberto
Dalfré Filho (University of Campinas, Brazil), and Zhiguo Wang (Xi’an Shiyou University, China). However, the
list will be updated as soon as new people are willing to contribute (which might possibly happen also when
the MOOC is already available online).

MOOC STRUCTURE
The following schedule refers to the four weeks of video lessons. As already mentioned, an unspecified
number of case studies will follow, but they will not require video recording in the PoliMI METID studio.
Week

Module

Video

Teacher
Presentation of the TIME project
and its partners

1

Fundamentals
of particleladen flows
1.1.1 Definition and classification of
two-phase flows and main
concentration-related parameters
1.1.2 Characterization of the dispersed
phase (PSD, shape, packing
fraction, hardness)
1.1.3 The particle response time and the
particle Stokes number
1.1.4 Coupling regimes and turbulence
modulation

G.V. Messa

G.V. Messa

G.V. Messa
G.V. Messa
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2

2.2

4

G.V. Messa

2.0.1 Classification of the modelling
approaches, pros and cons
2.1.1 Fully-resolved DNS and pointparticle DNS
2.1.2 Point-particle RANS
2.2.1 Conservation equations,
constitutive relations and
interphase momentum exchange
2.2.2 Turbulent flows and average
methods
2.2.3 The mixture model for low Stokes
number flows

G.V. Messa

3.1.1 Slurry flows in pipes: technical
parameters and flow regimes
3.1.2 Conceptual modelling of slurry
flows: equivalent liquid models
and layered models
3.1.3 Experimental testing of slurry
flows in pipes
3.1.4 Numerical modelling of slurry
flows in pipes

V. Matoušek

4.1.1 Definition of the problem, fluiddynamic and material-related
variables affecting erosion
4.1.2 Experimental characterization of
erosion: the direct impact test*
4.1.3 Numerical modelling of solid
particle erosion
4.1.4 Frontiers in erosion modelling

G.V. Messa

Multi-scale
modelling of
particle-laden
flows

2.1

3

1.1.5 The particle equation of motion

Lagrangianbased methods

EulerianEulerian
modelling

G.V. Messa
G.V. Messa
G.V. Messa

G.V. Messa
G.V. Messa

Transport of
solids in
pipeline
systems

V. Matoušek

V. Matoušek
G.V. Messa

Solid particle
erosion

G.V. Messa
G.V. Messa
G.V. Messa

* Part of this video should be recorded at the Hydraulic Laboratory of Politecnico di Milano, Campus
Leonardo, Building 4A.

ATTACHMENT 2: Case study form
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CASE STUDY FOR MOOC “PARTICLE LADEN FLOWS: THEORY AND
ENGINEERING APPLICATIONS”
CASE STUDY TITLE:
SLURRY EROSION OF VALVES FOR THE OIL INDUSTRY
CONTACT PERSON:
STEFANO MALAVASI, Politecnico di Milano (Italy), www.fluidlab.polimi.it
THE PROBLEM
The issue of solid particle erosion in valves used in the petroleum industry has been a primary subject of
research by the FluidLab research group since 2015, when the “Erosion Prediction in Control Operation”
project was financially supported by ENI S.p.A., one of the leading oil & gas companies worldwide. Main goal
of the FluidLab group is to develop methods for estimating the useful lifetime of valves working in heavyduty slurry conditions, which can be used by engineers for improving the design of the flow control devices
and the management of the hydraulic system. The achievement of the goal requires accurately describing
the particle motion within the complex valve geometry and, particularly, the particle-wall interactions.
Combined with the numerical simulation, the experimental characterization of the erosion behavior of the
valve materials by the direct impact test and the wear testing of the actual devices under controlled
conditions provides further insight into erosion process and allows the reliability of the predictive models to
be assessed.

Valve erosion research by the Fluid Lab group at PoliMI
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THE TEAM
Stefano Malavasi (contact)
Full Professor
Politecnico di Milano, Italy
+39 02 2399 6261
stefano.malavasi@polimi.it
www.fuidlab.polimi.it

Gianandrea Vittorio Messa
Assistant Professor
Politecnico di Milano, Italy
+39 02 2399 6287
gianandreavittorio.messa@polimi.it

Marco Negri
Post-doc Research Assistant
Politecnico di Milano, Italy
+39 02 2399 6260
marco.negri@polimi.it

Yongbo Wang
PhD Student
Politecnico di Milano, Italy
+39 02 2399 6255
yongbo.wang@polimi.it

THE FACILITIES
In addition to the direct impact test facility, subject of a lesson in Week 4, another laboratory facility of the
group is the E-LOOP, a pipe loop for erosion testing of pipeline components and hydraulic devices under low
concentration (≈ 1% by volume) slurry conditions. The E-LOOP allows testing devices with size up to 4 inches,
and it is equipped with a centrifugal pump capable in providing static pressure up to 30 bar and volume flow
rate up to 160 m3/h. Instrumentation include pressure transducers, an ultrasonic flow meter, a thermometer,
and an isokinetic sampling probe.

The E-LOOP for slurry erosion testing of hydraulic equipment
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As far as the computational facilities are concerned, the Ansys Fluent code equipped with User-Defined
Functions is generally used for simulating the particle-laden flow through complex valve geometries. The
particle-related output is then turned into an evaluation of the erosion risk through the E-CODE, a MATLAB
library developed within the Fluid Lab group.

The E-CODE for CFD-based erosion prediction
MAIN ACHIEVEMENTS AND FUTURE DIRECTIONS
So far, the researchers have performed a combined numerical-experimental investigation of the slurry
erosion of two valves, namely an angle choke valve with cage and sleeve functioning, and a gate valve. The
laboratory measurements were compared quantitatively and qualitatively with the numerical simulation,
enhancing the confidence of the mathematical model as a predictive tool. The useful lifetime of the valve
was put in relation with the erosional speed, which was estimated numerically and it became the subject of
a sensitivity analysis to capture the effect of the valve operation conditions on its vulnerability to wear.

Predicted and observed choke cage erosion (Malavasi et al. ASME PVP, 2018)
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Predicted and observed mass reduction of choke cage during erosion test (Malavasi et al. ASME PVP, 2018)
Nowadays, the research is being focused on the prediction of wear in transient processes, e.g. openingclosing cycles, and in the simulation of the valve integrated in a complex hydraulic system. To this aim, the
possibility of coupling a CFD code with a concentrated parameter-one (e.g., Simcenter Amesim) is being
explored.
SOURCES OF FURTHER INFORMATION
Selected publications on the topic are:
•

S. Malavasi, G.V. Messa, M. Negri, Prediction of erosion damage in a choke valve working in severe
slurry conditions, in: Proceedings of the ASME-PVP2018, Paper No. 84293, 2018.

•

G.V. Messa, M. Negri, Y. Wang, S. Malavasi, Estimation of the useful lifetime of a gate valve
subjected to impact erosion, in: Proceedings of the XXII AIMETA Conference, 1, 147-163, 2017.

•

S. Gorini, A. Maliardi, S. Malavasi, G.V. Messa, Enhanced erosion prediction for Xtree valves, in:
Proceedings of the Offshore Mediterranean Conference, Paper No. 592, 2017.

•

G.V. Messa, G. Ferrarese, S. Malavasi, A mixed Euler-Euler/Euler-Lagrange approach to erosion
prediction, Wear 342-343 (2015), 138-153.

Further information can be found on the webpage of the FluidLab group: www.fluidlab.polimi.it

ATTACHMENT 3: Textual storyboard for the first lesson of the MOOC.

Storyboard MOOC
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STORYBOARD
Week n°1 - Lecture n°1
Definition and classification of two-phase flows and main
concentration-related parameters
TEXT

KEY WORDS AND
ANIMATION

Particle-laden flows are a very specific category of multiphase flow. In particular,
particle-laden flows are a subset of dispersed two-phase flows (animation), which, in
turn, are a subset of two-phase flows (animation) , which, in turn, are a subset of
multiphase flows (animation). Let’s take a more detailed look to these categories.

SLIDE 1
Keyword: particle-laden
flows.

Multiphase flows are flows of materials with either different states or phases (that is,
gas, liquid, or solid), or with different chemical properties but in the same state (such
as liquid-liquid flows). For instance, we can have a three phase flow in which gas
bubbles are entrained in oil droplets and flow over a water base.

SLIDE 2
Keyword: multiphase flows.
Shutterstock: Picture n.
1291259248

Two-phase flows are a subset of multiphase flows in which only two materials are
involved. These include, for instance, (animation) stratified flows of oil in water and
(animation) liquid-vapor flows with phase transition.
In dispersed two-phase flows, one phase is not materially connected. Dispersed flows
are mixtures of a primary carrier fluid and a secondary dispersed phase, which is in
the form of either gas bubbles, liquid droplets or solid particles. For instance, we can
have (animation) dispersed flows of gas bubbles in a liquid, (animation) dispersed
flows of liquid droplets in another liquid or a gas, (animation) or dispersed flows of
solid in a liquid or a gas. In this last case, we talk about particle-laden flows.

SLIDE 3
Keyword: two-phase flows
Shutterstock: Pictures n.
305451941 and 526327072.
SLIDE 4
Keyword: dispersed twophase flows
Shutterstock: Pictures n.
286296878, 1282704934,
523666213.

This physics and modelling of particle-laden flows will be the subject of this course it
will be described from an engineering perspective. Case studies provided by academic
and industrial partners will be illustrated, referring to several application examples.
These include, among others, (animation)oil and gas extraction processes in fields with
sand production, (animation) hydrotransport systems in the mining industry,
(animation) sediment-laden flows in hydraulic machines, (animation) and particle
erosion of concrete hydraulic structures.

SLIDE 5
Keyword: engineering
perspective, application
examples.
Shutterstock: Pictures n.
539854030, 751865005,
537551518, 169482320.

One of the key parameters characterizing particle-laden flows is the volume fraction,
or volumetric concentration. Let us consider a volume containing the fluid and a certain
number of solid particles, which we will assume to be monodisperse (that means, all
identical to each other). The volume fraction of the particle phase is defined as the
volume occupied by all particles divided by the total volume of mixture. If we have Np
particles with volume wp, and we call the total volume of mixture W, then the volume
fraction of the particle phase, called αp, is given by Np times wp divided by W. The
volume fraction of the fluid, αf, is the volume occupied by the fluid divided by the total

SLIDE 6
Keyword: volume fraction,
monodisperse.
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volume of mixture, W. If the volume fraction of the fluid is written as W minus Np times
wp, then it immediately follows that αf is equal 1 minus αp.
The density of the mixture, ρ m , is another important parameter. Let us again consider
the same sampling volume with monodisperse particles. The density of the mixture is
defined as the total mass of the mixture divided by the total volume of the mixture. If
we introduce the density of the fluid (that is, the mass of the fluid divided by the
volume of the fluid) and the density of the particles (that is, the mass of a particle
divided by its volume), then the density of the mixture results equal to the volume
fraction of the particles time the density of the particles plus the volume fraction of
the fluid times the density of the fluid.

SLIDE 7
Keyword: density of the
mixture.

Other variables, related with the volume fraction, are encountered in the scientific and
technical literature.
Finally, let us focus on the case of polydisperse particles, that is, particles that are not
all equal to each other. In this case, it is convenient to group the particles in N classes,
in such a way that particles belonging to a given class are characterized by the same
geometry and material properties. For instance, we might have three particle classes
called A, B and C.
It is quite easy to extend the previous definitions to the case of N particle phases. In
fact, the volume fraction of particle class “j” is given by the volume occupied by all
particles of class “j” divided by the mixture sampling volume. It can be easily
demonstrated that the fluid volume fraction plus the volume fractions of the N particle
classes is equal to one. Finally, the mixture density is given by the density of the fluid
times the volume fraction of the fluid plus the sum, over the N classes, of the product
between density and volume fraction of the current class.
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SLIDE 8
Keyword: polydisperse
particles, classes.

