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Project Description

1 Summary

Dry granular flows will be investigated on inclined inflow channels with local constrictions and
obstacles, involving polydispersed and non-uniform particles. Both non-rotating and rotating
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channel configurations will be considered. The main challenges are the modeling and predic-
tion of the influences of polydispersity and non-uniformity of the particles, rotation, particle
segregation, the co-existence of rapid and slow flows, and intermittent granular flow behavior.
Our methodology therefore encompasses experiments both on rotating and non-rotating chan-
nels, discrete element modeling and heterogeneous multiscale modeling, combined with thorough
verifications and validations. The research is divided into two subprojects.

The first focuses primarily on the development and operation of the laboratory experiments,
with additional validation from discrete particle simulations. New non-invasive measurement
techniques will be used in channels with varying geometry and roughness. The second sub-
project focuses on heterogeneous multiscale modeling, coupling macroscale continuum models
to microscale discrete particle models. The coupling will be done at selective regions in space
and time thus reducing computational expense and allowing simulation of the complex granular
flows under study. An exchange of laboratory data and numerical models will mutually stimulate
both subprojects.

Our complementary research effort is facilitated by coordination and collaboration between
four centre of excellence groups from Eindhoven and Twente, at the Dutch 3TU Federation of
Technical Universities. In particular, challenging new experiments will be developed on rotating
granular flows, which require the amalgamation of complementary knowledge at the participating
research groups from Eindhoven and Twente. The main industrial partner is Corus, whose
principle interest is the investigation of rotating granular chute flows, which are important in
the controlled filling of blast furnaces with sinter, pellets and coke particulates. Further users are
BASF and Unilever, who stand to benefit from both the cutting-edge experimental investigations
and the development of vastly improved numerical models.

1.1 Utilization

The participation of the main user Corus Technology BV (IJmuiden) is as follows:
- Researchers from Corus will disseminate fundamental new insights in particle dynamics re-
garding particle segregation, channel geometry, and particle in- and outflow processes.
- The proposed rotating granular flow experiments are directly addressing the operational prac-
tice at Corus1.
- Corus Research Development & Technology will perform discrete particle simulations with
their in-house commercial software and validate these against both the experimental data set
and the numerical models that will arise from this research. If and when discrepancies arise
these new results will be used to extend and improve these in-house routines.

The aim here is to greatly enhance the confidence levels in further proprietory simulations
regarding specific particle transport problems in the respective production lines. Substantial
involvement of company manpower to produce these extensive simulations is implied.

With great confidence, we therefore anticipate numerous collaborative research papers ten-
tatively involving both the industrial and academic partners. Researchers of Corus IJmuiden,
BASF and Unilever would constitute the user oversight committee. BASF and Unilever are in-
terested in the overall modeling efforts. Finally, the experimental data set will be made available
for validation of numerical codes, and the embedding of new features in the software environ-
ment hpGEM. These aims will lead to an enhancement of the academic and commercial use of
the new numerical heterogeneous multiscale model.

1See Fig. 1; figures reside in Appendix A.
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1.2 Samenvatting in het Nederlands

Zwaartekracht aangedreven granulaire stromingen komen overal voor in de natuur en in de
industrie. Bij Corus in IJmuiden worden de hoogovens gecontroleerd gevuld waarbij open-
kanaalstroming van niet-uniforme, polydisperse deeltjesmengsels van kooks, sinter en korrels
een belangrijke rol speelt. Het invoerkanaal roteert waardoor Corioliskrachten op deeltjes van
invloed zijn op de kanaalstroming en uitstroom van deeltjes. Er is onvoldoende begrip van het
gedrag van deeltjesstromingen in industriële toepassingen, waarbij sprake is van een groot scala
aan deeltjestypes en -groottes, en hellingen waarlangs deeltjes getransporteerd worden. Daarom
wordt in de praktijk veelal gebruik gemaakt van een fenomenologische aanpak, in plaats van een
meer fundamentele aanpak gebaseerd op theoretische en numerieke analyses gevalideerd met
experimenten. Daarnaast kunnen in sommige industriële processen ernstige problemen ontstaan
door choking (verstoppingen) bij bottlenecks (flessenhalsen) in de transportlijnen, die een ge-
controleerde en efficiënte doorstroming van deeltjes en daarmee continüiteit van de productie
beletten. Vanwege economische redenen, maar ook vanwege veiligheids- en milieu-technische
aspecten is optimale, ongehinderde doorstroming essentieel voor een veilige en continue bedrijfs-
voering.

Om een gedegen begrip en optimale beheersing van deze processen in de toekomst mogelijk
te maken, is een antwoord op de centrale vraag nodig: welke stromingsregiems spelen een rol bij
zwaartekracht aangedreven stroming van droog, polydispers, niet-uniform granulair materiaal
door roterende en niet-roterende open kanalen die onder een helling staan, waarbij complexe
geometriën met objecten in de stroming, bochten en contracties in de kanalen een rol kunnen
spelen. Het voorstel is deze centrale onderzoeksvraag te onderzoeken in nauwe samenwerking
met vertegenwoordigers van de ondersteunende bedrijven. Participerende onderzoeksgroepen
hebben recent superkritische stromingen onderzocht waarbij een dunne stromende laag granulair
materiaal in een hellend kanaal met een contractie werd geanalyseerd. Hierbij zijn nagenoeg
alleen bolvormige mono-disperse deeltjes beschouwd. Experimentele en analytische resultaten
aangevuld met numerieke simulaties kwamen goed overeen voor deze uniforme deeltjes. Het
blijft evenwel een enorme uitdaging om gedrag van niet-uniforme deeltjesstromingen in kanalen
die onder een helling staan, te classificeren en begrijpen. Dit kwam duidelijk aan het licht bij
een aantal test-experimenten met niet-uniforme maanzaad-deeltjes.

Het onderzoeksvoorstel richt zich dus op bestudering van het stromingsgedrag van niet-
uniform, polydispers granulair materiaal langs open kanalen die onder een helling staan, middels
een complementaire aanpak van experimenten, wiskundige analyse en numerieke simulaties.
Deze methodologie wordt ook nog eens krachtig ondersteund door de multidisciplinaire aard van
het onderzoeksteam.

1.3 Utilisatie in het Nederlands

Deelname van Corus Technology BV (IJmuiden) is als volgt:
- Fundementele nieuwe onderzoeksinzichten worden direct beschikbaar voor Corus.
- Roterende tank experimenten van granulaire stromingen in hellende goten bootsen direct het
vulproces van kooks, sinter en korrels in de hoogovens na.
- Laboratoriummetingen zullen worden gebruikt om commerciële software te valideren, hetgeen
een grote bedrijfsinspanning impliceert. Validaties zullen ook worden vergeleken met simulaties
uitgevoerd door de academische partners.

Ten behoeve van alle gebruikers (Corus, Unilever, en BASF) zullen, tenslotte, alle laboratori-
ummetingen worden vergaard in een dataset waarmee numerieke codes gaan worden gevalideerd,
en zullen ontwikkelde heterogene multischaalmodellen worden ingebed in de klantvriendelijke
software omgeving hpGEM. Deze omgeving stimuleert het gebruik door academische partners,
en beoogt een kiem te vormen voor commercieel advieswerk van expert simulaties.
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2 Structure of the Research Group

Table 1: Composition of the research team. The research involves the following topics: experiments, dis-
crete element model (DEM) simulations, and discontinuous Galerkin finite element modeling (DGFEM).
Supervisors of the junior staff have been indicated.

Group Name Field of expertise

1. Dr. A.R. Thornton physical & numerical modeling
Dr. O. Bokhove hydraulics
J.J.W. van der Vegt numerical analysis

2. Prof. Dr.Ir. J.A.M. Kuipers experiments/numerical modeling
Dr.Ir. M.A. van der Hoef experiments/DEM

3. Prof. Dr. rer.-nat. S. Luding multiscale dynamics/DEM
4. Prof. Dr. H.J.H. Clercx rotating flows
2. Ph.D. student (1) (Van der Hoef) fixed chute experiments/DEM
1. Ph.D. student (2) (Thornton & Luding) heterogeneous multiscale modeling
1–4. Ph.D. student (1) (Thornton & Clercx, Van der Hoef) rotating chute dynamics

The team consists of two Ph.D. students, the daily supervisors Dr. Thornton (with Dr. Bokhove)
and Prof. Clercx, and Dr. Van der Hoef; and, Prof. Kuipers, and Profs. Luding and Van der
Vegt are the promotors, respectively. The NACM group (Prof. Van der Vegt) leads the effort.

3 Scientific Description of Proposal

3.1 Content of Research

Flows of non-uniform polydispersed particles occur frequently in nature and industry. Industrial
processes at the metallurgical company Corus Technology BV (IJmuiden) concern the controlled
charging of the blast furnaces with coke, sinter and pellets in open rotating channels. Despite
their common occurrence, fundamental knowledge about the dynamics of these particulate flows
in inclined open channels is lacking. This gap in knowledge means that particle flows in indus-
trial applications, which nearly always involve a variety of particles, are controlled merely on a
phenomenological basis rather than by using combined theoretical, numerical, and experimental
approaches. Such industrial particulate flows suffer occasionally from choking and particle seg-
regation at bottlenecks, providing challenges for efficient through-flow. This seriously jeopardizes
the continuous operation of the production line and can lead to costly down-time. To gain and
apply the new insights required it is therefore necessary to answer the following key question:
which flow regimes emerge when gravity-driven dry non-uniform polydispersed granular matter
flows down inclined open (rotating) channels with complex geometries involving islands, bends
and contractions?

In the following section we will introduce particle flows down inclined chutes or channels.
Starting with a review of our preliminary investigations and conclude with the specific research
questions we wish to investigate.

3.1.1 Introduction

Particle-laden and granular flows play an important role in industry and nature. Such flows
abound in the treatment of raw material (coal, ores, grains and seeds) as well as product fin-
ishing lines in the metal, chemical and food industry. In contrast with “classical” fluid dynam-
ics, the governing constitutive equations describing the dynamics of granular materials are not
well-known. Several approaches are used, often in unison, to predict and understand granular
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dynamics. These include: (asymptotic) continuum theories based on kinetic theory of granular
particles (e.g. [44]); hydraulic theory applied to granular flows (e.g. [46, 38, 40, 24]); and,
discrete particle mechanics (e.g. [31, 47, 7, 24]). The influence of ambient fluid such as air can
sometimes be ignored at leading order, as is generally the case for the shallow open channel flow
of gravity-driven dry granular matter that we propose to study. In other cases the ambient fluid
carries the granular material, for example in particle flows through inclined, closed and vertical
pipes; and, particle-air interactions must be considered.

An important open question for granular chute flows is the nature of the frictional interaction
between the particles and the inclined plane. There is extensive literature on this topic which
can be divided between smooth [27, 30, 31, 41, 43] and rough surfaces (often laminated with
particles) e.g. [45, 35, 37, 29] models. On rough surfaces, slow steady uniform granular flows
can be produced for a variety of different chute angles, whereas smooth surfaces (which are often
used in industry) are nearly always (slightly) accelerating. Savage and Hutter [46] considered
planes of varying roughness and highlighted the distinction between smooth and rough surfaces.
Currently, constitutive relations for shallow granular flows on rough surfaces appear to be more
established [29], but there is considerable scope for developing a deeper understanding of granular
friction, with the ultimate aim of unifying the smooth and rough regimes.

Variations on uniform granular flow involving flow around obstacles and oblique granular
jumps or “shock waves” at slight corners have been studied in [38, 40]. Building upon this work,
we studied granular flow down an inclined plane with contracting side-walls. Using water instead
of granular material, Akers and Bokhove [1] performed and analyzed experiments of water flow
on a horizontal plane, constrained downstream by contracting side-walls. Key parameters to
classify the hydraulic, as well as the granular, regimes are the upstream Froude number F0 and
the scaled nozzle width bc/b0 at the end of the contraction, scaled with the constant width b0 of
the channel further upstream. The Froude number F0 = u0/

√
gn h0 is the ratio of the average

upstream velocity u0 down the chute and the surface gravity-wave speed
√

gn h0, with h0 the
mean constant upstream depth and gn the component of the acceleration of gravity normal to
the plane of the chute2. We used smooth spherical particles (glass beads) on a smooth chute
surface. The proposed research will extend this to more realistic settings including polydispersed
and non-uniform particles on smooth and rough planes. This investigation is timely and leads
to the central research question stated earlier.

3.1.2 Previous research: granular flow states

In Vreman, Al-Tarazi, Van Sint Annaland, Kuipers and Bokhove [24], we performed a series of
granular experiments of supercritical shallow flows through a contraction on an inclined plane2.
We summarize the results. Three different flow states were observed for granular flows on non-
rotating inclined planes: (I) smooth supercritical flow, (II) flow with a non-steady backward
traveling bore or a steady jump upstream of the contraction region, and (III) a steady reservoir
with a jump standing in the contraction. Four distinct regimes were observed3 in the phase
plane spanned by the scaled contraction width bc/b0 and supercritical upstream Froude number
F0 > 1. Three of these regimes correspond to the flow states (I), (II) and (III), while a fourth
regime (IV) represents observations of hysteretic flows. Regime (III) concerns flow states with
relatively low supercritical Froude number (1 < F0 < 4), while regime (IV) corresponds to
ones with larger Froude number (F0 > 4). In the latter regime, two possible flow states were
observed for specific points (bc, F0). Therein, short temporal disturbances of the flow were
sufficient to switch the flow from one state (I) to another (II or III)4. Understanding these flow

2See Fig. 2.
3Summarized in Fig. 3.
4As illustrated in Fig. 4.
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states and their transitions is important because on the one hand it provides knowledge about
the constitutive relations, and on the other hand it is relevant in practical sitiations.

Our theoretical analysis ([24]) showed that friction is essential, particularly for understanding
the formation of a steady reservoir. Friction forces in such reservoirs are inferred as being
relatively low compared to their upstream values. Classical hydraulic theory ([1, 28]) has been
extended to include viscous and compressibility effects represented by acceleration integrals,
which led to two demarcation lines, dividing the phase plane in turn into four quadrants. In
contrast, in classical hydraulics these demarcation lines cross at (bc/b0, F0) = (1, 1) leading to
only three supercritical regimes. In our granular flow experiment, friction shifts these lines
such that they cross in the middle of the phase plane, around (0.2, 4.0). A newly discovered
regime with a steady reservoir inside the contraction emerges as a consequence. Theory and
observations show that the flow accelerates in the contraction, where friction is reduced. Simple
models in the literature support this phenomenon because it corresponds with the observed
decrease of the macroscopic velocity scale and increase of the macroscopic length-scale, being
the depth in the present instance. Strikingly, the flow regimes for (water and) spherical glass
beads and the lighter, non-spherical poppy seeds do not coincide in the phase diagram. This
suggests that the shape and density of the granular material may have to be included to permit
a possible collapse of the data in one phase diagram. This discrepancy and the flow behaviour
of such highly non-uniform particles are not yet understood.

Research Question 1: Proposed investigations will therefore concentrate around investigating
the flow of non-uniform, polydispersed particles down inclined, non-rotating and rotating chutes.
These investigations are extremely relevant to a variety of industrial and geophysical applications
as motivated below.

To complement our experimental and theoretical work, discrete particle simulations were
performed for several nozzle widths, bc, and one Froude number, F0. The maximum number
of larger 1mm particles in the system was about 378000 and the equations of motion for the
particles were integrated for more than 10s (physical time), using a linear spring dash-pot model
for the contact forces ([7, 32, 47]). Quantitative agreement was observed, between simulations
and experiments, by comparing depth, porosity, two-dimensional velocity patterns, reservoir
length and the demarcation between flow regimes I and III . The crucial role of friction in the
reservoir formation was confirmed by the simulations using statistics of the contact forces. The
simulations also showed that for smooth supercritical flows of glass beads the friction in the
contraction is increased instead of reduced. They further revealed that the effect of increased
porosity of the granular flow and the effect of increased friction in the contraction cancel each
other out to some extent, while the increase of friction for weakly contracted flows was confirmed.

Several friction or constitutive laws reported in the literature ([41, 46, 43]) were evaluated
using the numerical database. Most constitutive laws confirm the reduction of friction if the
Froude number decreases, as we observed in the contraction. While the magnitude of the
theoretical predictions generally did not correspond with our simulations, the various theoretical
friction laws did reveal an increase of friction in the first part of the contraction. However, none
of the models was able to reproduce the increase of friction just before the reservoir. The
constitutive equations all have difficulty in accounting for the dissipation caused by granular
bores and jumps.

In the group MSM, so-called micro-macro transition methodologies were developed in two-
dimensional situations ([14, 15]). Very recently these were applied to three-dimensional fric-
tional and frictionless granular flows in a split-bottom ring shear cell geometry [13] where one
observes wide shear bands under slow, quasi-static deformation. Using discrete element sim-
ulations (DEM) —in quantitative agreement with the experiments— several continuum fields
like the density, the velocity field, the velocity gradient and the stress are obtained. This infor-
mation is the essential basis for coupling DEM methods to the Discontinuous Galerkin Finite
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Element Method (DGFEM) continuum theory solvers. Furthermore, constitutive relations can
be obtained from DEM and are then to be inserted into the continuum, macroscopic relations.
However, up to now, this was only tested with steady-flow systems which allow both space- and
time-averaging. The generalization to unsteady flows in more complex geometries is one of the
challenges of this proposal.

Research Question 2: A complementary fundamental question we propose to address is how
to determine the constitutive relations for shallow granular flows accurately via heterogeneous
multiscale modeling. Heterogeneous Multiscale Models (HMM) are relevant in the fast predic-
tion and control of granular flows in industrial practice and in natural hazard mitigation. HMM
concerns a hybrid approach in which the microscale discrete particle simulations are used selec-
tively in space and time, in order to provide the averaged continuum quantities/closure in the
macroscale continuum models [33, 34]. HMM necessarily includes a feedback/re-initialization
to match the macroscale averages of the discrete particle model with corresponding quantities
in the continuum model. HMM is geared to increase the accuracy of the continuum model and
maintain the overall computational efficiency. Consequently, simulations of non-uniform granu-
lar flows involving a large number of particles become feasible with this hybrid approach. The
use of HMM for the prediction of shallow granular flows, including the analysis of its convergence,
is therefore a befitting methodology for this purposed research.

3.1.3 Challenges and applications

In summary, fundamental challenges to understand and predict shallow granular flows on inclined
chutes are:
(i) The creation of an accurate and versatile experimental data set of shallow granular flows for
a variety of non-rotating chutes, with smooth to rough surfaces, different geometries including
contractions and obstacles; and, various kinds of particles, from spherical to non-uniform, low
to high density, and from mono- to polydispersed particles. We will require and use a variety of
experimental techniques to measure layer thickness, flow speeds, and volume fraction. Particle
flows in open channels will be investigated since they occur in the industrial practice of our main
user, Corus, and in the natural environment. While chutes in industry often concern smooth
surfaces, granular flows as studied in academic contexts generally concern flows over rough
surfaces, as in nature. For a good intercomparison and to increase our overall understanding,
flows on both smooth and rough surfaces will be studied.
(ii) Combined modeling and simulation of particle dynamics with three-dimensional DEM’s and
(depth-averaged) shallow layer continuum models. We will develop new fundamental aspects
of HMM for granular flow dynamics, and verify and validate it for a selection of the above
experimental circumstances.
(iii) The extension of the laboratory, numerical and mathematical modeling to rotating inclined
chutes. Such an extension appears to be novel and is directly relevant to the charging process of
the (blast) furnaces at Corus. Special emphasis will be given to the velocity fields at the chute
exit, and the deposits of the granular matter in the catchment container, as function of particle
distribution, upstream discharge, bottom roughness, and rotation speed.

3.1.4 Research plan

The research proposed will be divided between (1) a Ph.D. student at the Department of Chem-
ical Engineering, and (2) a Ph.D. student jointly at the Department of Applied Mathematics
and the Department of Mechanical Engineering. The former Ph.D. student (1) will first perform
non-rotating experiments and some simulations, with a new focus on measurements of the exit
flows, and continue in Eindhoven with experiments and modeling of rotating granular flows.
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In the Department of Chemical Engineering the main focus will be on (i) the laboratory
experiments and direct DEM’s simulations of selected flows with existing and new software in
the FCRE group, while (ii) in the Departments of Applied Mathematics and Mechanical Engi-
neering the main focus will lie on formulation of the new HMM for granular flows, its simulation,
and analytical hydraulic explanations founded in the experimental results and simulations. Fi-
nally, (iii) the VDT group at the Department of Applied Physics in Eindhoven will undertake
the rotating experiments. In all cases, systematic investigation is ultimately geared toward un-
derstanding granular flows with polydispersed, non-uniform particles. Mini-workshops involving
both the university team and industrial users are envisioned as a means of facilitating the sharing
of knowledge throughout the project.

Ad. (i) Designing, building and testing of new experimental facilities for shallow flows is
required for granular flow in open channels. The existing experimental and measurement set-up
is not suitable for considering granular flow over rough surfaces, or measuring depth and volume
fraction fields. Presently, particle discharge is measured with a weighing scale and the top-layer
velocities using PIV. Time-consuming and isolated point measurements of depth and volume
fraction are currently used ([24]). The new experimental facilities will therefore include the
following:
- New open channel chutes in which several channel widths and chute diameters (varying between
0.15 and 0.5m), and smooth to rough surfaces are considered. In addition, the control of the
inclination of the chute is made more flexible. The design and implementation of surfaces and
objects in the chute will be facilitated and simplified.
- New more controllable feeder mechanisms to maintain steady flow for a longer time and/or
continuously. Different ways to start and change the flow will be considered to investigate time-
dependent, transient flows and different initial conditions.
- New measurement techniques for depth and volume fraction fields in selected chute sections
using thin probes.
- A systematic study of the flow behaviour for particles of different size, density, shape, and
mixtures thereof. Spherical solid and hollow glass beads, steel balls, sand, seeds, plastic pellets
and so forth will be acquired and deployed.
- Testing of each new set-up against our preliminary datasets and theories.

The current DEM simulation software in Prof. Kuipers’ FCRE group will be used and
extended to deal with non-uniform particles and geometries ([5, 7]). A first approach will
be to capture non-uniform particles through a change of the collision parameters. A second
approach will be to explore non-uniform effects in a stochastic manner. The Immersed Boundary
Method (IBM) will be implemented to enable DEM for the more complex geometries under
consideration. Expert knowledge on parallel computing in the NACM group will be used to
allow DEM simulations with millions of particles.

Ad. (ii) Multiscale granular flow models will be developed, analyzed and tested. First,
current shallow-layer models ([2, 19]) will be changed to the granular flow applications with new
closure relations using DEM simulations at selected regions in space and time. HMM ([33, 34])
will be applied, extended to and analyzed in our granular flow context. Current shallow layer
models concern discontinuous Galerkin finite element models. But further, and perhaps more
flexible, (fluid) particle-mesh models are under development (NWO research NACM-group).
Second, (quasi-)three-dimensional models and more advanced closure relations will be developed
using the experimental data-set and the DEM simulations (aided by the numerical techniques of
[18, 9]). The numerical goal is to develop reliable (quasi-)three-dimensional granular flow models
to facilitate fast simulation of flows in specific chute geometries using HMM. The theoretical
goal is to develop (simplified) “hydraulic” granular theories based on these continuum models to
explain and classify the observed flow regimes (cf. [24]). These mathematical solutions should
lead to simplified flow rules aimed at an improved understanding and guidance for the engineering
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practice. Additional challenges will be to derive a quantitative predictive model that also can
forecast stagnation zones and particle segregation. We aim to extend recent research on stagnant
zones and particle segregation by Gray and Thornton, and team members ([38, 39, 21, 22]).

Ad. (iii) Novel research on the effects of rotation on granular flow through a chute will
be initiated. The questions to be addressed are as follows. What are the effects of a rotating
chute on the granular flow? How do the results compare with the results for granular flow on
a non-rotating chute, as described in points (i) and (ii)? The goal is therefore to investigate
rotating granular flows for mono-dispersed and polydispersed particles, uniform and non-uniform
particles as function of the chute roughness, geometric (contraction) geometries, and discharge.
Furthermore, we are interested in the velocity fields at the end of the chute and, potentially,
the way the particles fill the catchment basin. Rotating table facilities in the VDT group in
Eindhoven will be used to perform relevant experiments [20, 25, 3, 6]. Mathematical analysis and
simulations will extend the research on the non-rotating granular chute flows to the rotating ones,
involving a direct transfer of knowledge and tools from the research on non-rotating granular
flows. In addition, rotational hydraulics applied to granular flows, as in [1, 24], will be considered.
The rotating tables are 1.5–2m in diameter, and therefore are half the size as the operational
chute at Corus. Hence, a slight rescaling and non-dimensionalization is required to bring the
laboratory set-up in alignment with the flow situation at Corus. Chutes with both square and
curved (half-circular) cross-sections will be used.

3.1.5 Object-oriented client-friendly implementation

The end-users are Corus IJmuiden (contact persons: Drs. Mark Hattink and Ir. Dirk van der
Plas), Unilever B.V. Nederland (contact person: Dr.Ir. Kees Geerse), and BASF Ludwigshafen,
Germany (contact person: Dr. H.J. Feise). Client-friendliness of our results is promoted in
various ways:

- The experimental data-set of non-rotating and rotating granular flows will be stored in an
accessible way for comparison against model simulations, including those simulations pro-
duced using commercial software at end-user companies. Commercial codes for DEM sim-
ulations include DEM solutions (www.dem-solutions.com) and Itasca (Itasca Consulting
Group); these programs are in use at many companies. At the University of Twente, our
bespoke research software has been developed in-house by the FCRE, MSM and NACM
groups.

- The DEM simulation software will be available for restricted use by the people involved
to facilitate comparisons with experiments and the above-mentioned commercial codes.
These comparisons allow the validation of the in-house commercial codes by the end-users;
a process essential in assessing reliability in future proprietary simulations. We anticipate
joint publications regarding the intercomparison of simulations against the experimental
data collected.

- Analytical and numerical solutions of the HMM and continuum models for the experiments
are directly and freely available, as they will be published in the open literature, for
use in future proprietary applications. The companies involved will have the competitive
advantage of being directly involved and informed.

The exchange of information will be formalized in user-group mini-workshops, thus facilitating
further and more frequent interactions between relevant members of the overall team. There
will be mini-workshops between the university research team and the main user Corus annually;
and one formal meeting involving STW and all end-users (i.e., Corus, Unilever, and BASF).
Furthermore, a written report will be provided annually by leading university group.

9



A considerable effort is underway in the NACM group to create an object-oriented, user-
friendly software package in C++, called hpGEM ([17]). The numerical continuum models should
eventually be cast within hpGEM to ensure client-friendly software.

Prof. Luding’s group has developed advanced contact models for particle based simulations
involving friction, rolling-, and torsion-resistance, contact adhesion, plastic contact deformation
and even sintering. These models can be used by the other groups dealing with particle models.
Furthermore, the micro-macro approach was developed for 2D and recently also applied to 3D
steady (slow) flow configurations [13].

3.2 Required Personnel & Equipment

• Two Ph.D. students each for four years.

• Two high-power linux PC’s and two laptops. The laptops are required for promotion,
transport and testing at the end-user locations and conferences.

• New chutes, feeders and conveyer belts for both the rotating and non-rotating laboratory
set-ups.

• Re-engineering of existing measurement equipment including a through-beam and reflect-
ing beam optical probe for solids fraction determination [10, 16], and a digital image anal-
ysis system for the determination of particle segregation in polydispersed flows [4]. The
determination of the (depth-averaged) solids fraction is possible with optical probes both
using a through beam requiring a transparent (lexane/plexiglass or glass) chute/pipe, and
a reflecting beam; the latter being also required for the measurement of particle speeds.
Digital image analysis is used to determine particle segregation: the relative distribution
of two kinds of colored particles is measured at the free surface. The above-mentioned
techniques are non-evasive and Prof. Kuipers’ FCRE group has ample relevant experi-
ence.

• Support for the rotating tables facilities and measurement devices at the Vortex Dynamics
and Turbulence group at the Technical University Eindhoven, where the rotating channel
experiments will be performed. A comparison of measurement equipment at the labora-
tories in Eindhoven and Twente reveals that largely the same measurements can be made
within the existing facilities. We are exchanging results, and potentially also equipment,
where and whenever necessary.

• A variety of particulate materials.

3.3 Time Frame & Distribution of Work

The following development is proposed for the Ph.D. in chemical engineering:

I. Construction of new chutes and application of new measurement techniques for non-rotating
granular flows. Testing against and improvement of preliminary experiments. Milestone:
conference paper on new experimental techniques.

II. Experiments with contractions and/or other objects with: a) varying surface roughness and
uniform particle density, b) varying uniform particle shape, c) non-uniform particles, d)
polydispersed uniform particles, and e) polydispersed non-uniform particles.

III. Corresponding rotating tank experiments of granular flows in Eindhoven.
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IV. Extension of the discrete element model with an Immersed Boundary Model (IBM, following
[48, 8]) to account for the constrictions and obstacles. DEM simulations focusing on the
effect of polydispersity in geometrically complex granular flows.

Milestones: papers on the various experiments and the corresponding DEM/IBM simulations.

The following development is proposed for the Ph.D. in applied mathematics and me-
chanical engineering:

I. Development of a first generation of shallow granular flow models based on the HMM for
both the rotating and non-rotating cases. It will build on the discontinuous Galerkin and
(fluid) particle-mesh models available in the NACM group and DEM models available in
the MSM group. A good first test of the HMM consists of the flow of uniform particles
over a rough bottom since for uniform chutes the constitutive equation is predicted and
measured, and thus known ([29]). Validation against the present data base and extended
data base (obtained with the improved measurement techniques). Milestone: paper in
numerical journal on the numerical techniques.

II. Development of next generation quasi-3D shallow granular flow models based on HMM.
Milestones: a paper on the theory of advanced HMM for granular flows including a limited
validation against the experimental data (concerning rotating and non-rotating granular
chute flows); a paper on extended hydraulic analysis (including two dimensions in extension
of the cross-sectionally averaged approach in [24] and cf. [1]); and, (collaborative) papers
on an extensive comparison between the discrete element (DEM/IBM) models, continuum
models, HMM and experimental data.

III. Design of fast simulations using HMM for polydispersed and non-uniform particles.

Both Ph.D. students will later focus on the rotating experiments and fast HMM simulations
for non-uniform particles, respectively, and the knowledge transfer to the industry involved.
Milestone: a paper concerning experiments and numerics of fast HMM simulations of rotating
granular flows, including a first validation against the experiments. Experiments will again
involve contractions and/or other objects with: a) varying surface roughness and uniform par-
ticle density, b) varying uniform particle shape, c) non-uniform particles, and d) polydispersed
uniform particles, and e) polydispersed non-uniform particles, in order of importance.

Finally, all investigators are involved in (an) overview paper(s) where we aim to give a
synergy of the experimental results, discrete particle simulations, and theoretical and numerical
continuum approaches, involving the entire team.

3.4 Existing Infrastructure

All team members (will) have access to PC’s with all program and editing facilities.
The NACM group has an SGI Altrix with 12 processors for (parallel) computations. Cur-

rently, NACM has 13 Ph.D. and postdoc projects on numerical analysis and mathematical
modeling. In many of these projects (discontinuous) finite-element techniques are developed
and used.

The type of simulations described in the proposal will require a considerable amount of
computational resources. FCRE owns two computer clusters, one serial PC cluster (OSCAR)
consisting of 60 CPU’s (2 GHz) and a parallel PC cluster (CITRA) consisting of 48 CPU’s. In
addition we have access to the TERAS Origin 3800 system at SARA. Moreover, we have ex-
tensive experience in the development of in-house numerical CFD codes for multiscale modeling
(DNS, discrete particle simulations, multi-fluid simulations) and have working codes available
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(in particular for this project: both soft- and hard-sphere discrete particle models, which include
a full two-way coupling with the gas phase).

The FCRE group has a fully-equipped technical workshop and a wide variety of experimental
tools and techniques at its disposal, including a state-of-the-art LaVision PIV-system (a 50 Hz
double pulse 50 mJ laser including high speed digital cameras and 625 Hz CCD cameras with
a resolution of 1280 x 1024 pixels), which can be used to support the project. FCRE has
extensive experience with invasive (probes) and non-invasive monitoring techniques such as PIV
(Particle Image Velocimetery), DIA (Digit Image Analysis) and ECT (Electrical Capacitance
Tomography). Moreover, in the FCRE group an experimental set-up to measure properties of
granular flow is already available. The preliminary set-up used in [24] consisted of one smooth
aluminum chute, standard automated equipment to measure the overall mass flux, while the
above-mentioned PIV-system was used to measure the top-layer velocity.

The MSM group has extensive in-house DEM software available: DEM/MD (Molecular Dy-
namics) codes, soft sphere DEM code in 2D and 3D, hard sphere DEM code 2D and 3D (another
algorithm), micro-macro data analysis, and xballs particle data visualization. Commercial codes
used are Matlab, ANSYS, and ABAQUS.

The VDT group in Eindhoven has extensive laboratory facilities for rotating flow experi-
ments, including: 1.5–2m diameter rotating tables, PIV equipment, software and cameras, and
optical, mechanical and electronic technical support.

Our project involves an efficient collaboration within the federation of the three technical
universities (3TU’s) of The Netherlands.

3.5 Connection with Other Research

Research on granular flows in channels is extensive worldwide, including groups of Professor
Gray (Manchester), Professor Pouliquen (Marseille), Dr. Hogg and Professor Kerswell (Bristol),
Professor Ecke (Los Alamos), and Professor Louge (Cornell), among others.

The novel features in our proposal are the combined use of mathematical, numerical and lab-
oratory methods; the incorporation of centrifugal and Coriolis forces by rotation of the channel;
consideration of the dynamics of mixtures of different particulate material; and, the inclusion
of channel obstacles and contractions; these all lead to complex granular phenomena hitherto
barely or not investigated. Nonetheless, these complexities are very relevant both for phenomena
in the industrial practice and in our natural environment.

4 Utilization

4.1 The Task in Practice & Proposed Solution Method

Our proposal to study the fundamentals of shallow granular flows in open channels for various
kinds of particles befits the industrial practice, as follows:

(i) At Corus Technology BV, pellets, sinter and coke are charged into the blast furnace from
the top bunkers through a (slowly) rotating chute which distributes the particles in suitable
layers. These ingredients greatly vary in shape, density and size thus necessitating understand-
ing their fundamental flow behaviour. Pellets have a diameter of 10-15mm with a density of
4000kg/m3, sinters 10-25mm with a density of 2000kg/m3, and coke 25-40mm with a density
of 900kg/m3. All particles are non-uniform. Flow occurs in a half-circular channel of 0.50m
in diameter. The rotation speed of the channel is circa eight revolutions per minute. In com-
parison, our preliminary research concerned granular flow through a fixed nonrotating channel
which was 0.13m wide and we used particles of 0.5-1 mm in diameter.

(ii) Unilever B.V. Nederland has interest in particulate flows in general.
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(iii) BASF Ludwigshafen Germany is interested in particulate handling in general.
Tentative knowledge from our proposed investigations will be channeled immediately to the

user group. The users have expressed interest in acquiring more fundamental knowledge on the
dynamics of non-uniform, polydispersed granular flows in generic settings. The users also aim
to test their commercial software for simulating particle flows. Our experimental results and our
numerical codes will be used, therefore, to accurately gauge the available commercial software at
the respective companies, thus facilitating future proprietary simulations directly relevant to the
granular flow installations at the respective industrial sites. This clear distinction between fun-
damental knowledge supplied by the university partners and the directly applicable proprietary
knowledge effectively eliminates conflict regarding competition among the users. The utilization
thus comprised consists of a synergetic and directly accessible use of the generated experimental
data, theoretical and numerical predictions. Following specific agreements on usage, our univer-
sity software will be available on a limited basis to end-users for comparative analysis. Finally, it
is anticipated that the collaborative research effort by both the industrial and academic partners
involved will lead to a few collaborative research papers with an intercomparison of methods
and results. This will reinforce the transfer of knowledge between industry and academia.

One formal annual meeting will involve experts from STW and all companies (Corus, Unilever
and BASF).

4.1.1 Concrete Problem

The flow and control of non-uniform granular matter down inclined channels is often disturbed
or even blocked at industrial installations. It is a practical problem associated with segregation
of material or geometric effects, for which detailed understanding is lacking. Flow blockage can
lead to serious hazards and economic loss because it disturbs and can even halt the production
process. Understanding and prevention of granular flow problems such as blockage and particle
segregation are therefore very important for maintaining a smooth and controlled production
process.

4.1.2 Tentative Solution

Knowledge about polydispersed shallow granular flows will be produced. An experimental data
base will be created from the results on shallow granular flows accompanied by three-dimensional
particle simulations, analytical and numerical heterogeneous multiscale models. Finally, detailed
analysis will be provided on granular flows through rotating chutes, both experimentally and
theoretically. The latter is closely aligned to the requests of Corus in IJmuiden.

4.1.3 New Products & Sales

An experimental data set will be created and numerical simulations and constitutive shallow
granular flow models delivered, and these are to be made readily accessible for future proprietary
investigations by the end-users. No sales are involved.

4.1.4 Potential Additional Benefits

Potentially, the acquired knowledge will be of fundamental and practical aid in the understanding
and prediction of environmental phenomena such as sand pile dynamics, land slides and volcanic
eruptions.
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4.2 The Users: all users have supplied letters of support

Corus Research Development & Technology:
Drs. Mark Hattink, Researcher, Blast Furnace Development & Applications
Ir. Dirk van der Plas, Knowledge Group Leader, Process Modeling and Fluid Dynamics
P.O. Box 10000, 1970 CA IJmuiden, The Netherlands
mark.hattink@corusgroup.com & dirk.van-der-plas@corusgroup.com
Mark Hattink: T: (+31) (0)251 496780; F: (+31) (0)251 470348
Dirk van der Plas: T: (+31) (0)251 494336; F: (+31) (0)251 470236
BASF, Ludwigshafen, Deutschland: Dr. Hermann J. Feise, GC Process Engineering/ T-
540, 67056 Ludwigshafen, Deutschland, herman.feise@basf.com , T: (+49) 621 6021553; F: (+49)
621 6052441
Unilever B.V. Nederland: R&D Laundry and R&D Foods, Dr. Ir. Kees Geerse and Dr.
Peter Bongers, Postadres: Postbus 160, 3000 AD Rotterdam, Kees.Geerse@Unilever.com , T:
(+31) (0)10 4608431 and (+31) (0)10 4605308; F: (+31) (0)10 4605829

4.3 Implementation

Applications of the anticipated results are as follows:

• Industry can use the experimental data set to benchmark their in-house commercial dis-
crete element models.

• The Heterogeneous Multiscale Models implemented in the software package hpGEM are
available for non-commercial use under a software license. However, extension of the
software package into a commercial code within a spin-off company is a realistic option.
The most likely scenario would be for junior academic researchers to move to consultancy
after graduation while using our computational tools as basis. Although active stimulation
in this direction would be required in order to formulate a business plan and find start-up
funding, which lies outside the present scope.

• Interest in our work has been expressed from the geophysical and geological community,
as our work is extremely relevant in hazard prediction and mitigation studies concerning
land slides and volcanic eruptions (a.o., Professor Connor, Tampa Bay, Florida, personal
communication).

4.4 Past Performance of involved Groups in STW projects

The National Dutch Aerospace Agency (NLR) and Prof. Van der Vegt developed HEXADAP,
an advanced discontinuous Galerkin finite element solver for compressible flows, which the NLR
actively uses for commercial consultancy (STW-project TWI.5541 entitled “Advanced simula-
tion techniques for vortex dominated flows in aerodynamics”). Prof. Kuipers and co-workers
developed a package of user Fortran routines to describe reactive gas-liquid flows in the com-
mercial CFD package CFX. Associated partners (AkzoNobel, DSM, Marin and Shell) could use
these directly in the design, optimization of gas-liquid processes in general and industrial bubble
columns in particular STW-project: TSF.6102 ”dispersed multiphase flow”). Prof. Kuipers
and co-workers developed a new reactor design and demonstrated it for the case of produc-
tion of synthesis gas with internal oxygen separation. This concept provides great advantages
in comparison with conventional processes and is directly applicable for the associated users
(Dow, ECN, Engelhard, Shell, Synetix, VIRAN; STW project: UPC.5037 ”catalytic partial
oxidation of methane combined with air separation”). Prof. Luding and co-workers developed
particle contact models and micro-macro transition with applications in consulting and com-
mercial software (DEM Solutions, ITASCA, and at CSIRO). Recent collaboration with industry
involves the application of particle simulation methods to industrial problems like mixing or
sintering, and the data-analysis with modern micro-macro methods as developed in the group
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Year 1 2 3 4 Total

Personell credit:

Ph.D.’s 1 & 2 66.120 78.110 82.968 88.158 315.356

Technician - - 13.158 - 13.158

Material credit:

Equipment & Development 14.000 14.000 - - 28.000

Rotating Table Facilities - - 27.000 17.500 44.500

Foreign travel credit: 10.000 10.000 10.000 10.000 40.000

Investment credit:

Devices 25.000 - - - 25.000

Hardware 23.000 3.000 3.000 3.000 32.000

Total STW: 138.120 105.110 136.126 118.658 498.014

Table 2: Budget in Euros. Total costs are 498.014 Euros in total.

Year 1 2 3 4 Total

Corus 15.000 15.000 15.000 15.000 60.000

Total 15.000 15.000 15.000 15.000 60.000

Table 3: In kind contributions by Corus IJmuiden.

MSM. (STW-project 10120 “H-MSM Hierarchical multiscale modeling: a single data structure
for micro-macro and multi-phase/-field models”). Prof. Clercx and co-workers have two current
STW-projects ESF.6239 ”Dispersion of micro-organisms in geophysical turbulence” of which
software is applied in closure models used by the Institute Deltares; and, STW project 10458
“Magneto-active mixing and catching for microfluidic biosensor”.

5 Knowledge Management

5.1 Contracts: there is no conflict of interest with other contracts.

5.2 Patents

This proposal focuses on improvement of fundamental understanding and mathematical mod-
eling of important phenomena prevailing in polydispersed granular flows. On the basis of this
knowledge, new patents can be applied in close collaboration with the contributing companies.

6 Budget

6.1 Personnel credit: two Ph.D. students (four years each)

6.2 Material credit

Several channels are required with varying widths and shapes, and surface roughness; these are
particular to this research proposal (20k Euros), as well as particulate material (the dynamics of
which are the topic of research) of various kinds and size, lighting equipment and data-acquisition
requires an investment further 8k Euros. Total costs for small equipment in Twente are therefore
28k Euros; particular to the present proposal.
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Use and set-up of suitable rotating table facilities at the VDT group in Eindhoven is costed
at 57.658k Euros. We have the following cost estimates:

- Estimated material costs for new chutes (depending on the re-assignment of chutes in Twente):
12k Euros. Measurements based on PIV with marker particles.

- Technical support: 0.3 fte for a half year: 13.2 kEuro (13.158 Euros). This support provided
by technicians from VDT is essential and involves an optical expert, a mechanical expert
and an expert in systems and signals.

- Use of rotating tables and associated measurements devices (cameras, data-storage, and the
like): 20k Euro.

- Residence of Ph.D. student in Eindhoven and travel costs: 10k Euro.

- Travel costs of materials from Twente to Eindhoven: 2.5k Euro.

6.3 Foreign Travel
Visits to foreign conferences are anticipated, two for the Ph.D. students, annually, and four
visits for staff: (4 × 2 × 3.500 + 4 × 3.000) Euros= 40k Euros. In particular, we mention
the International Conference for Multiphase Flows (ICMF) and the European Conference on
Computational Fluid Dynamics (ECCOMAS) as important peer-attended events for the sharing
of this projects’ results.

6.4 Investment Credit

Devices to measure the particle volume fraction fields include the through-beam and reflecting
beam optical probes (50% of 20k Euros); to measure particle segregation in polydispersed gran-
ular flow digital image analysis is used, requiring a camera and technical servicing (development
10k Euros and camera 50% of 10k Euros); hence, 25k Euros will be put toward investment
credit. The SGI Altix (NACM group) will be used for benchmarking and large-scale parallel
computation, and is available for both Ph.D.’s. Annual computational costs in Twente are es-
timated to be 3.000 Euros, totaling 12k Euros. The initial acquisition of a two fast linux PC’s
and two laptops costs 4× 5.000 = 20k Euros. Hence, the hardware costs are in total 32k Euros.
Total investment credit 57k Euros.

6.5 Support Users
The support of Corus consists of a comparison of their simulations against the new experimental
data and the university simulation tools and analysis, and the possible supply of granular mate-
rials. Hence, staff at Corus will contribute a substantial amount of their research hours toward
performing simulations to match the experiments and the numerical simulations performed at
the university groups. We aim to include collaborative work in research articles, which further
guarantees the knowledge transfer. Total in-kind contribution from Corus is 60k Euros.

6.6 Total Costs: See Table 1.
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A Appendix: Figures

Figure 1: Rotating, inclined inflow channel at the top left in the iron-ore blast furnace “Hoogoven7”
shows how coke, sinter and pellets are charged into the oven. A typical rotation speed is eight revolutions
per minute. This photo of the charging process was taken during an extensive repair stop, and provides
a rare view into the blast furnace. Photo courtesy Corus Research Development & Technology.

19



(3)

������
������
������
������
������
������
������
������
������

������
������
������
������
������
������
������
������
������

�����
�����
�����
�����
�����
�����
�����

�����
�����
�����
�����
�����
�����
���������

����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����

����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����

��������������������
��������������������
��������������������
��������������������
��������������������
��������������������
��������������������
��������������������
��������������������
��������������������

��������������������
��������������������
��������������������
��������������������
��������������������
��������������������
��������������������
��������������������
��������������������
��������������������

b0

u   h
0 0

x

y

g t
u   h

0 0

Lc

b

u   h0 0

Block
L

inclination angle

contraction

sluice gate
feeder with

g g

g t

n

c

x

z

y

b(x)

φ
(1) (2)

Figure 2: Top and side view sketches of the inclined chute experiments in Vreman et al. (2007): (1) of
constant width such that b(x) = b0 is constant; (2) with a localized contraction; and, (3) blocked in the
middle such that “bc = 0”. c©J. Fluid Mech.
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Figure 3: Experimental granular results collected in a phase diagram spanned by Froude number F0

versus the nozzle width bc/b0. Tiny symbols denote poppy seed experiments. Flow regimes observed: (I)
smooth supercritical flow, (II) a steady lake halting outside the contraction or upstream moving bore,
(III) a steady reservoir with a granular or hydraulic jump inside the contraction, and (IV) a hysteretic
region with multiple flow states, see Fig. 4. Drawn solid and dashed lines demarcate transitions between
(a) regimes II–IV and III–I, and (b) regimes IV–I and II-III. Two representative error bars are shown.
Note that the poppy seed experiments as yet fall outside our classification (row of symbols in the top
right section of the figure). c©J. Fluid Mech.
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(a) (b)

(c) (d)

Figure 4: When we manually disturb the smooth, granular flow in (a) by partially blocking the con-
traction exit for a short time, with a finger in the present instance in (b), the smooth flow state I in (a)
changes to the lake state III in (c) and II in (d). This transition is displayed in the plates going from
the top left to the bottom right. The top left plate manifests flow with smooth oblique jumps and the
bottom right plate flow with an upstream halted jump and lake. All cases clearly show a jet after the
contraction exit. Inflow conditions at the left, upstream side are constant. c©J. Fluid Mech.
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