
TOP Grant  
Grant application form 2013-2014   
 
 
Registration form (basic details) 

 
1. Details of the applicant(s) (this part is in Dutch to avoid ambiguity) 
 
Hoofdaanvrager (PI) 

Naam, initialen, titel(s) Kuipers, J.A.M., Prof.dr.ir. 

Geslacht Man 

Geboortedatum 14 juni 1959 

Promotiedatum 15 juni 1990 

Functie Hoogleraar (full professor) 

Einddatum aanstelling n.v.t. Bezoldigde aanstelling? Ja 

Deeltijd aanstelling? Nee Deeltijdfactor n.v.t. 

Universiteit Eindhoven University of Technology 

Hoofdafdeling Department of Chemical Engineering and Chemistry 

Onderzoeksgroep Multiphase Reactors Group 

Postadres Postbus 513 Postcode / plaats 5600 MB Eindhoven 

Telefoonnummer 040-247 4158 E-mailadres J.A.M.Kuipers@TUe.nl 

Medeaanvrager (Co-applicant) 

Naam, initialen, titel(s) Deen, N.G., Dr.ir. 

Geslacht Man 

Geboortedatum 4 januari 1975 

Promotiedatum 30 november 2001 

Functie UHD (associate professor) 

Einddatum aanstelling n.v.t. Bezoldigde aanstelling? Ja 

Deeltijd aanstelling? Nee Deeltijdfactor n.v.t. 

Universiteit Eindhoven University of Technology 

Hoofdafdeling Department of Chemical Engineering and Chemistry 

Onderzoeksgroep Multiphase Reactors Group 

Postadres Postbus 513 Postcode / plaats 5600 MB Eindhoven 

Telefoonnummer 040-247 3681 E-mailadres N.G.Deen@TUe.nl 
 
2. Title of the proposal 
 
First-principles based multi-scale modelling of transport in reactive three-phase flows 
 
3. Classification of the proposal 
a. Focus area and study team(s)  
 

Focus area CW Chemistry in relation with technology/sustainability 
Study team CW First choice:  Process Technology 
 Second choice:   Liquids & Interfaces 
Field of research 14.50.00 Chemical technology, process technology 
 
 
b. Suitability within Chemical Sciences (CW) and chemical component 
Our proposal fits very well into the chosen focus area Chemistry in Relation with Technology & 
Sustainability. First of all, from a scientific point of view we address a very challenging problem in 
multiphase chemical conversion processes to arrive at a detailed understanding of the interplay between 
chemical transformation and mass transfer processes prevailing at the level of individual dispersed 
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elements (i.e. bubbles and particles) moving in dense swarms. Furthermore, gas-liquid-solid (GLS) 
contactors are important for many large scale processes involving chemical transformations, such as 
fermentations, hydrogenations, oxygenations and the Fischer-Tropsch synthesis for synthetic fuels. Our 
multi-scale modelling approach to GLS mass transfer and heterogeneously catalysed chemical 
transformation in dense three-phase GLS flow will enhance the understanding of complex reactive 
heterogeneous flows and contributes to the development of improved design and scale-up procedures for 
this important class of multiphase reactors. 
 
4. Keywords 
Chemical reactors; mass transfer and reaction; gas-liquid-solid processes; computational fluid dynamics 
 
5. Summary of the proposed research 
Dispersed three-phase flows are frequently encountered in a variety of large scale manufacturing 
processes such as the production of fuels, base chemicals, and many other products. These flows are 
unfortunately very poorly understood, which for a large extent can be attributed to the complex flow 
structure prevailing at the macroscopic scale, i.e. the scale of the process equipment. As a direct 
consequence thereof the design and scale-up of these processes is extremely cumbersome in practice, 
requiring extensive and time-consuming experimentation. In addition, the process operation is often far 
from optimal in the sense of energy and feedstock utilization. Therefore significant improvements are 
required to boost the efficiency (energy and feedstock) of these processes, which demands for a better 
understanding of the fundamentals of these flows. 
 
The main problem in this is the wide range of length scales: catalyst particles possess typically a size of 
50 micrometer or less, whereas the characteristic diameter of an industrial reactor can reach values up 
to 10 meters. Therefore, we have adopted a multi-scale modelling strategy, where we consider dense 
three-phase flows at three distinctive levels of modelling, namely: 
i) the scale of dispersed particles and bubbles, O(10-5-10-4 m), using Direct Numerical Simulation 

(DNS; Front Tracking and Immersed Boundary Method), 
ii) the scale of large swarms of particles and bubbles, O(10-2-10-1 m), using deterministic Euler-

Lagrange (DEL) simulations, and 
iii) the scale of an industrial reactor, O(1-10 m), using stochastic Euler-Lagrange (SEL) simulations. 

In this model, the interactions are calculated on a stochastic basis, making the model much 
more efficient than the more accurate (though very time consuming) deterministic counterpart.  

The idea is essentially to use fundamental models that take into account the interaction between the 
continuous liquid phase and the dispersed solid and gas phases, as well as the interaction amongst the 
dispersed phases. These interactions are established are condensed in closure laws that feed Lagrangian 
and Eulerian models, which can be used to compute the flow structures on a much larger (industrial) 
scale. For two-phase systems (both gas-liquid as well as gas-solid systems), this approach has proven to 
be very successful. 
 
In the proposed research we intend to focus on a very complex type of system frequently 
encountered in industrial applications, namely a three-phase gas-solid-liquid reactive system, 
which has so far not been tackled fundamentally. Gas-solid-liquid systems are encountered in 
numerous practical applications, yet predictive models are not available. 
 
For the development of a reliable DEL and SEL models for dense gas-liquid-solid flows it is of crucial 
importance to have accurate representations (closures) for all transfer terms (momentum, heat and 
mass), in particular when these are accompanied by a chemical reaction. This will be the main focus of 
our research. The representation of the effective closures will be obtained from detailed simulations using 
direct numerical simulation (DNS) models, i.e. an immersed boundary model combined with a front 
tracking model. We will validate our computational results using hydrodynamics measurement data 
obtained via state-of-the-art non-invasive measuring techniques and concentration fields obtained from a 
novel two-dye laser induced fluorescence technique. Our work will generate results (f.i. multi-scale 
methodologies and interphase transfer closures) which are also relevant for many other fields in science 
and engineering. 
 
In the past ten years, our group has become one of the leading research groups on numerical modelling 
of multiphase flows. In particular, the integrated approach with different levels of modelling, combined 
with detailed experimental validation is unique in the world. This grant would allow us to further 
strengthen this successful and internationally recognized line of research.  
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6. Summary of requested funding within the total budget 
 
Summary of 
the budget 

Personnel Consumables Equipment Total 
k€ 672 total k€ 36 total k€ 72 total (k€ 780 maximum) 

Specification 3 x PhD (3 x k€ 208*) 
5 years 0.2 FTE 
technician (k€ 48*) 

k€ 12 per PhD k€ 36 per 
setup 

k€ 780 

*Estimation of the maximum amount including a fixed bench fee (VSNU tariffs) 
 
The personnel costs include a fixed bench fee for domestic travel and promotion costs (VSNU tariffs). The 
consumables include chemicals and materials (k€ 3), travel to international conferences (k€ 6), and a 
powerful workstation (k€ 3) per PhD student. The investments for equipment are needed for the 
construction of an experimental setups that can be used for optical measurements of flow properties, as 
well as for concentration measurements to determine the chemical conversion. 
 
7. Group members involved in the proposed research 
 
Name Position Involvement 
Prof.dr.ir. J.A.M. Kuipers Full Professor Supervision and promoter of PhD-students 
Dr.ir. N.G. Deen Associate Professor Daily guidance and co-promoter of PhD-students 
Dr.ir. J.T. Padding Assistant Professor Daily guidance of PhD-students  
L. McAlpine Technician Assistance with construction of the experimental setups 
 
8. Current grants 
 
a. NWO grants 
 
Project title: The effect of air on sand near the jamming point 
Applicant(s): R.M. van der Meer / M.A. van der Hoef / 

D. Lohse / J.A.M. Kuipers 
Project number: 07PGM23-1 
NWO council, date of granting: FOM 11/09/2007 
Number of personnel positions 
included in the grant: 

1 Number of positions 
still open: 

0 

Funded positions Y. Xu 
 
Project title: Polydispersed Granular Flows through Inclined Channels 
Applicant(s): J.W. van der Vegt / O. Bokhove / J.A.M. Kuipers /  

M.A. van der Hoef / S. Lüding / H.J.H Clercx / A. Thornton 
Project number: 11039 
NWO council, date of granting: STW 11/06/2010 
Number of personnel positions 
included in the grant: 

1 Number of positions 
still open: 

0 

Funded positions S. Shirsath 
 
Project title: New Driving Forces for Dry Fractionation 
Applicant(s): R. Boom / M.A.I. Schutyser / J.A.M. Kuipers / M.A. van der Hoef 
Project number: 11399 
NWO council, date of granting: STW 22/12/2010 
Number of personnel positions 
included in the grant: 

1 Number of positions 
still open: 

0 

Funded positions Ir. M.W. Korevaar 
 
Project title: Characterization of the Fluid Dynamics and Discrete 

Particle Modelling of a Novel Spouted Bed Apparatus 
Applicant(s): J.A.M. Kuipers / N.G. Deen 
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Project number: 11053 
NWO council, date of granting: STW/DFG 1/2/2010 
Number of personnel positions 
included in the grant: 

1 Number of positions 
still open: 

0 

Funded positions V.S. Sutkar 
 
Project title: Micro-mechanics of wet solids in gas-solid contactors 
Applicant(s): J.A.M. Kuipers / N.G. Deen 
Project number: 12226 
NWO council, date of granting: STW/DFG 1/2/2013 
Number of personnel positions 
included in the grant: 

1 Number of positions 
still open: 

0 

Funded positions M. Behbood 
 
Project title: Multiscale modeling of gas-solid mass transfer and its impact on 

riser reactor performance 
Applicant(s): J.A.M. Kuipers / M.A. van der Hoef 
Project number: 713.012.002 
NWO council, date of granting: NWO/CW (ECHO grant) 4/5/2012 
Number of personnel positions 
included in the grant: 

1 Number of positions 
still open: 

0 

Funded positions A.C. Varas 
 
b. Other grants 
 
Project title: Multi-scale modeling of heat & mass transfer in 

dense gas-solid flows 
Applicant(s): J.A.M. Kuipers 
Project number: 247298 
Funding agency, date of granting: ERC Advanced Grant 11/11/2009 
Number of personnel positions 
included in the grant: 

8 Number of positions 
still open: 

0 

Funded positions H. Tavassoli, V. Vikrant, A.V. Patil, Y. Tang, K.A. Buist,  
S.H.L. Kriebitzsch, L.J.H. Seelen, L. Yang 

 
Project title: Bubbles on the Cutting Edge 
Applicant(s): N.G. Deen 
Project number: 259521 
Funding agency, date of granting: ERC Starting Grant 20/05/2010 
Number of personnel positions 
included in the grant: 

4 Number of positions 
still open: 

0 

Funded positions Q.I.E. Segers, M.W. Baltussen, D. Jain, K. Thiruvalluvan Sujatha 
 
Project title: Predictive Modelling of Polyolefin Reactors 
Applicant(s): J.A.M. Kuipers / M. van Sint Annaland / N.G. Deen 
Project number: 751 
NWO council, date of granting: DPI 1/3/2012 
Number of personnel positions 
included in the grant: 

2 Number of positions 
still open: 

0 

Funded positions Z. Li, M. Banaei 
  
 
9. Grant applications 
 
On this research topic there are no grant applications pending. 
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Research proposal 

 
10. Full description of the proposed research 
 
10a. aim/objectives 
Many processes in the chemical, petrochemical and/or biochemical industries involve three-phase gas-
liquid-solid (GLS) flows (see e.g. Shah, 1982 and Fan, 1989). Usually the solid material acts as a 
catalyst, whereas the gas phase supplies the reactants for the (bio-)chemical transformations and the 
liquid phase carries the product (see Figure 1). Example processes include fermentations, 
hydrogenations, oxygenations and the Fischer-Tropsch synthesis for synthetic fuels. In these processes 
the performance of the reactor is mostly constrained by the interfacial mass transfer rate and the 
achievable in-situ heat removal rate. 
 
 

    
 (a) (b) 
 
Figure 1: Transport phenomena and typical concentration profile for GLS systems with reaction. (a) 
Schematic representation of the transport phenomena taking place in GLS reactions. The gas phase 
molecules (white circles) dissolve into the liquid phase. The dissolved gas phase molecules and the liquid 
phase molecules (grey circles) transfer to the porous solid support. The molecules diffuse into the porous 
support where a chemical reaction takes place on the catalyst (small dark grey circles). The product 
(grey-white gradient pill shape) diffuses back to the liquid phase. (b) Schematic representation of 
concentration profile in the different phases present in a GLS reaction. The gradients represent the 
resistances of the individual steps (i.e. gas side mass transfer, gas-liquid mass transfer, liquid-solid mass 
transfer, and diffusion with simultaneous chemical reaction). (Wenmakers, 2010) 
 
Up till now practically all fundamental research on dispersed flow systems has focused on flow systems 
with low volume fractions of only two phases (gas-liquid or gas-solid). On the other hand, there exist no 
fundamental studies of dense GLS systems involving the interplay between momentum, heat and mass 
transport, and chemical reaction. Even though in industry GLS flow systems are not operated in the 
homogeneous (dilute) flow regime, but rather in the heterogeneous (dense) flow regime that is 
characterized by the presence of a distribution of small and big bubbles, resulting from the interplay 
between turbulence, coalescence and breakup. Furthermore, the complex heat and mass transport and 
chemical reaction in heterogeneous flow systems is not well understood either.  
 
 
The main objective of the proposed programme is: 
 
 “to study the fundamentals of momentum, heat and mass transport, and chemical 

reaction in dense gas-liquid-solid flows with the aid of experimental, theoretical, and 
numerical techniques. Furthermore, we aim to educate people on a PhD level in the 
field of multiphase chemical reaction engineering.“ 
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The scientific challenges of our proposal can be summarized in terms of the following questions: 
 

- How are the momentum, mass and heat transfer characterized in chemically reacting three-
phase flow, i.e. how do swarm effects influence momentum, heat and mass transport ? 
 

- What is the effect of momentum, heat, mass transport and chemical reaction on the large scale 
system behaviour (flow structure, hold-up, large scale circulation patterns, chemical conversion 
and selectivity)? 
 

- What are the combined effects of scale of operation (column diameter) and operating conditions 
on the hydrodynamics (flow structure, hold-up, large scale circulation patterns, chemical 
conversion and selectivity)? 
 

The programme consists of two thematic sub-projects corresponding to modelling at the two respective 
most relevant length scales, and one experimental sub-project. Each sub-project will be carried out by 
one PhD student. The different projects comprise the following topics and objectives respectively: 
 
PhD 1: Direct Numerical Simulation (DNS) of transport and chemical reaction in three-phase flows 
 
Direct Numerical Simulation (DNS) techniques (i.e. front tracking, FT; volume of fluid, VOF; immersed 
boundary method; IB) will be used to simulate GLS flows involving mass, momentum and heat transport 
and chemical reaction in periodic domains. The main objective is to obtain closures for transfer terms 
from the DNS simulation results for the regime of high dispersed phase volume fractions (i.e. up to 
50%). Swarm effects, i.e., the effects of the presence and behaviour of neighbouring bubbles and 
particles, on the mass, momentum, and heat transfer rates will be quantified in the form of correlations, 
which will be used by PhD 2 to study GLS flows on a larger scale. 
 
PhD 2: Euler-Lagrange simulation of transport and chemical reaction in three-phase flows 
 
The main objectives of this sub-project are i) to provide further insight into the interplay between the 
various mechanisms in bubbly flows involving momentum, mass and heat transport and chemical 
reaction at larger scales and ii) to provide insight into the large scale behaviour of industrial three-phase 
GLS reactors. To achieve this goal, we will use a stochastic Euler-Lagrange (SEL) approach to study large 
scale systems, employing the closure information developed by PhD 1. The interaction model in SEL will 
be validated against the deterministic EL model (DEL). Ultimate validation of the model will be done on 
basis of experimental results for bubble size distributions, holdup and chemical conversion obtained by 
PhD 3. 
 
PhD 3: Experimental study of transport and chemical reaction in three-phase flows 
 
The main objectives of this sub-project are development of experimental techniques to provide reliable 
experimental data sets to validate models developed within sub-project 2. High speed camera techniques 
will be used to measure bubble-size distributions, liquid and gas velocity and phase fraction distributions 
at different heights in a pseudo-2D slurry bubble column. Moreover a novel laser induced fluorescence 
technique will be developed to measure liquid phase species concentration in order to quantify the 
chemical conversion.  
 
For the experimental studies both well-defined small-scale (“clean”) experiments as well as large-scale 
experiments will be conducted for which non-invasive monitoring techniques (such as particle image 
velocimetry and digital image analysis) are necessary. Most of the work done on dispersed flow in the 
past has focused on systems with low volume fractions excluding heat and mass transport phenomena. 
In this area considerable progress has been made by several researchers. We have contributed by 
systematically combining dedicated numerical and theoretical modelling with advanced experimentation.  
Furthermore, the combination of the various experimental, numerical and theoretical tools and 
accumulated knowledge, mostly developed “in-house”, has given the research team a unique position 
within the world-wide community working on multiphase flows.  
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10b. approach and time scheme 
 
Multi-scale strategy for modelling GLS interactions 
When the flow between the particles and/or bubbles is not resolved, as is the case in the Euler-Lagrange 
level of modelling, the liquid-particle and liquid-bubble interactions can be taken into account via 
effective transfer coefficients. The exchange of the conserved quantities mass (moles), momentum, and 
energy between a single particle or bubble and the liquid is described by the constitutive equations: 
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where A is the surface of the dispersed element (i.e. a bubble or a particle); D, µ and λ are the molecular 
transfer coefficients for mass, momentum and heat respectively. The terms involving the “∆” represent 
the difference of the relevant quantity for the particle or bubble and the liquid phase that drives the 
exchange (i.e. the driving force). These are, respectively, the concentration of species i, ∆Ci, the velocity 
∆v and the temperature ∆T. The effective transfer coefficients of the conserved quantities are expressed 
by Sh, CD and Nu. These transfer coefficients account for the effect of neighbouring particles and/or 
bubbles. 
 
Currently, empirical relations for the transfer coefficients are used, which depend on the local liquid 
fraction (ε), and Reynolds (Re), Prandtl (Pr) and Schmidt (Sc) numbers. Crucial is that the parameters of 
those relations have been obtained empirically for general conditions, and do not apply for all situations 
that may occur in GLS systems. In particular, the correlations do not take into account the effects of 
local heterogeneities (e.g. bubble swarms and particle clustering), walls, internals (tubes/membranes), 
etc. But even for well-defined systems, there is now a consensus that the empirical relations are not the 
most accurate, as was recently shown for momentum exchange in both gas-solid systems (van der Hoef 
et al., 2008) and gas-liquid systems (Roghair et al. 2011; Lau et al. 2011). However, such correlations 
are crucial for a correct understanding and quantitative description.  
 
The basic idea of the multi-scale modelling is that the DNS models - in which the exchange is not 
modelled via empirical correlations, but follows from boundary conditions at the surface of a particle or 
bubble - can provide the insight and data to formulate improved correlations for higher scales, taken into 
account the aforementioned effects, if properly parameterized. This concept is illustrated schematically in 
Figure 2. That is, one sets out to formulate correlations for Sh, CD and Nu that do not only depend on the 
parameters ε, Re, Sc, and Pr, but also on f.i. the variance of the size distribution, distances to the wall 
etc. The research activities are subdivided in three sub-projects. In sub-project 1, the DNS level of 
modelling will be used to generate the “true” data for the interactions, while at the Euler-Lagrange level 
of modelling we aim to make contact with lab-scale and large-scale processes (sub-project 2). Validation 
on a lab-scale level will be addressed in sub-project 3. The multi-scale modelling approach has proven 
fruitful in modelling both dense gas-solid and gas-liquid flows and is advocated here as well (Van der 
Hoef et al. 2004, 2005, 2006; Deen et al. 2004; Roghair et al. 2011). 
 
In our research programme a wide variety of numerical and experimental techniques will be used, which 
will now be discussed briefly. Subsequently, the organizational structure of the programme and the 
contents of each of the sub-projects will be described in more detail. 
 
Available simulation tools 
The computational part of our research programme comprises the study of GLS flows at several different 
length scales of interest. In particular, the phenomena which can be related both to the effective 
multiphase interaction (interfacial forces and exchange terms, as well as bubble breakup) and 
interactions amongst the dispersed phases (collisions and coalescence) are of interest and currently not 
well understood.  
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Figure 2: Concept of the multi-scale modelling applied to dense gas-liquid-solid flows. Left: bubble and 
particle configurations predicted in a direct numerical simulation (DNS) of a dense three-phase gas-
liquid-solid system in a periodic box. The dynamics of the bubbles, allowing for shape deformations, are 
modelled with front tracking (FT). The particle dynamics are modelled with the aid of an immersed 
boundary (IB) technique. The volume fractions of bubbles and particles are respectively 30% and 7.5%, 
whereas their diameters respectively are 2 and 1 mm. In these preliminary simulations the minimum 
particle size was dictated by the 1st order accuracy of the IB method. In the proposed project, a 2nd order 
accurate description of the particles will be employed, allowing for more realistic (i.e. smaller) particle 
sizes. The DNS simulations results are used to construct closure equations for the different forms of 
momentum, mass and heat transfer in dense swarms. Right: these closures are used in deterministic 
and stochastic Euler-Lagrange models to study dense bubbly flows at larger scale. A similar modelling 
concept has previously been applied to dense gas-solid flow systems. In this project we will apply the 
concept to three phase gas-liquid-solid systems. 
 
The prime difficulty here is the large separation of scales: the largest flow structures can be of the order 
of meters; yet these structures are directly influenced by details of the multiphase interactions, which 
take place on the scale of millimetres, or even micrometres. To describe the hydrodynamics of all 
phases, direct numerical simulation models (DNS), deterministic Euler-Lagrange models (DEL) and Euler-
Euler models (EE) have been developed. The newly proposed stochastic Euler-Lagrange models (SEL) 
model combines the benefits of both the EE and DEL models. In SEL we will make use of a Direct 

+ 

= 

 Direct Numerical Simulations Deterministic and stochastic  
 (many details, small scales) Euler-Lagrange simulations 
  (fewer details, larger scales) 
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Simulation Monte Carlo (DSMC) method, which was first proposed by Bird (1976). In DSMC, collisions 
between pairs of particles and/or bubbles are detected stochastically instead of deterministically as in 
DEL. The method is very popular for the investigation of large numbers of particles, because real 
particles can be represented by a lower number of representative particles, and the trajectories of only 
these representative particles are calculated. In this way, computer memory and computation time can 
be reduced significantly (Sommerfeld, 2001; Sommerfeld et al., 2003). Very recently we have developed 
an improved SEL model for granular flow, that gives a statistically accurate and unbiased estimate of the 
average collision frequency (Pawar et al., 2013). We compared SEL and DEL and showed that with our 
new method the collision statistics are retained. The major advantage of the SEL model is its capability to 
handle many millions of particles or bubbles for simulations in a reasonable computation time. This 
number increases even more when each simulated particle or bubble represents a large group of real 
particles or bubbles, called a parcel. In this project, we will extend the granular DEL model to systems 
with particles and bubbles. 
 
The properties of the different simulation tools are summarized in Table 1. To model multiphase flows at 
different scales, one can choose appropriate combinations of the multiphase models, provided that the 
appropriate coupling is used either directly or effectively, depending on the scale of the simulation 
domain. Table 2 provides a brief explanation of the techniques that will be used in this project. 
 
Table 1: Overview of the properties of the applied numerical techniques 
 
Technique Simulation 

result 
Required 
closures 

Typical 
resolution 

Remarks 
 

FT Interfacial forces, 
Coalescence and 
Breakup, Mass transfer 

None 0.1 mm,  
0.1 ms 

Can be well combined with 
IB; no artificial coalescence 
or breakup; can provide 
various closures 

VOF Interfacial forces, 
Coalescence and 
Breakup, Mass transfer 

None 0.1 mm, 
0.1 ms 

Can be well combined with 
IB; artificial coalescence and 
breakup 

IB Fluid-solid interaction None 0.1 mm, 
0.1 ms 

Very powerful for including 
(moving) solid objects 

DEL Bubble-bubble 
interaction 

Interfacial 
forces, 
coalescence and 
breakup, mass 
transfer 

5 mm, 
1 ms 

Can handle pilot-scale 
systems; incorporation of 
coalescence, mass and heat 
transfer straightforward 

SEL Large scale flow 
patterns 

Interfacial 
forces, 
coalescence and 
breakup, mass 
transfer 

10 mm, 
10 ms 

Incorporation of 
coalescence, mass and heat 
transfer straightforward 
Can handle large scale 
systems 

 
Direct numerical simulations of multiphase flow have proven to be difficult to be performed accurately, 
which can be attributed to i) the fact that the interface separating the fluids needs to be tracked 
accurately without introducing excessive computational smearing and ii) the necessity to account for 
surface tension in case of (highly) curved fluid interfaces. In the past decade a number of techniques, 
each with their own particular advantages and disadvantages, have been developed to simulate complex 
multi-fluid flow problems.  
 
In all DNS techniques the temporal and spatial resolution is such that all details of the flow fields are 
captured which enables a priori prediction of the drag, lift and added mass forces experienced by the 
dispersed elements moving either in isolation or in (dense) swarms in a continuous phase. As such, it can 
provide vital information on the closures for the phase interactions required for either Euler-Lagrange or 
Euler-Euler type of models which can be applied to engineering problems. 
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Table 2: Numerical techniques used in this project. 
Front tracking methods 
Front tracking methods (Unverdi and Tryggvason, 1992; Esmaeeli and Tryggvason, 1998a, 1998b; 
Tryggvason et al., 2001 and Van Sint Annaland et al., 2006, Dijkhuizen et al., 2010a-c, Roghair et al., 
2011, 2013a-b) make use of markers (i.e. triangles) to track the interface whereas a fixed or Eulerian 
grid is used to solve the Navier-Stokes equations. This method is extremely accurate but also rather 
complex to implement due to the fact that dynamic remeshing of the Lagrangian interface mesh is 
required and mapping of the Lagrangian data onto the Eulerian mesh has to be carried out. Difficulties 
arise when multiple interfaces interact with each other as in coalescence and breakup, which both require 
a proper sub-grid model. Contrary to most other methods, the automatic merging of interfaces does not 
occur in front tracking techniques due to the fact that a separate mesh is used to track the interface. 
This property is advantageous in case swarm effects in dispersed flows need to be studied. Only recently 
DNS techniques of bubbly flows have been extended to deal with mass transfer (Darmana et al., 2006b; 
Roghair, 2012; Maa and Bothe, 2013; Bothe and Fleckenstein, 2013; Aboulhasanzadeh et al., 2013).  
 
Immersed boundary methods 
The immersed boundary method (IB) is particularly suited for the direct numerical simulation of solid 
particles suspended in a gas or a liquid (or any solid object for that matter). In this method the presence 
of solid objects, such as particles, system walls or internals, can adequately be represented by tracking 
force points that reside on the surface of the object and are moved with the velocity of the object. 
Furthermore, source terms are added to the Navier-Stokes equations, which ensure that the fluid obeys 
the no-slip boundary condition at the position of the force particles. In our work we will adapt a method, 
which is based on the work of Deen et al. (2012, 2013b).  
 
Euler-Lagrange models 
The discrete bubble model or Euler-Lagrange model adopts a continuum description for the liquid phase 
and additionally tracks each individual bubble using Newtonian equations of motion. This allows for a 
direct consideration of additional effects related to bubble-bubble and bubble-liquid interaction. Mass 
transfer with and without chemical reaction, bubble coalescence and re-dispersion can be incorporated 
directly (Darmana et al., 2005). Unlike the Euler-Euler model, the Euler-Lagrange model does not require 
(computationally expensive) population balance model to predict the bubble size distribution since the 
bubble size are tracked individually. However, closure for breakage and coalescence is still required to 
account for these phenomena. Euler-Lagrange models were used for modelling dispersed gas-liquid 
bubbly flows by Webb et al. (1992), Lapin and Lübbert (1994), Delnoij et al. (1997a-c, 1999), Sokolichin 
et al. (1997), Sommerfeld (2001), Sommerfeld et al. (2003), Darmana et. al (2005, 2006a, 2007, 2009), 
Sungkorn et al. (2011), and Gruber et al. (2013). Darmana et al. (2005, 2007) utilized the discrete 
description of the bubbles to incorporate models for mass transfer and subsequent chemical reaction in 
the liquid phase. Recently Lau (2013) proposed models to account for coalescence and breakup. 
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Table 3: Experimental techniques used in this project. 
Particle image velocimetry 
Particle image velocimetry (PIV) is a non-intrusive technique for the measurement of an instantaneous 
velocity field in one plane of a flow. To this end the flow of the liquid is visualized by seeding it with small 
tracer particles that perfectly follow the flow. One plane of the flow is illuminated with the use of a laser. 
A CCD camera or CMOS camera is used to record images of the particles in the illuminated plane. By 
measuring the displacement of the tracer particles between subsequent images of the flow, 
instantaneous velocity fields can be obtained. As the gas-phase is dispersed in the liquid in the form of 
bubbles, it is not necessary to add tracer particles to the gas phase; the bubbles can readily be 
distinguished. If one is interested in the dynamics of catalyst particles, one would typically leave out the 
tracer particles to prevent cross-talk between the ‘true’ solid particles and the ‘liquid phase’ tracer 
particles. In order to separate the signals of the gas bubbles and the (tracer) particles, we will use 
fluorescent (tracer) particles and appropriate digital filters (see Deen et al., 2001 for further details). In 
the special case of a flat bubble column, the use of a laser can be circumvented by lighting the column 
from behind yielding images of bubble shadows on a bright background. These images can be used in a 
straightforward manner to obtain instantaneous whole-field information of the gas phase flow field. 
 
Digital image analysis 
In order to study bubbly flows we will use high speed cameras and dedicated probes. In order to quantify 
the circumstances in which coalescence and breakup occurs, we can use PIV measurements to obtain 
information of the liquid phase velocity field, provided that the gas volume fraction is low enabling visual 
access to the column. Furthermore, we can measure the bubble size based on the intensity map of the 
image. To this end, the bubble contrast is maximized by illuminating the column from behind (just like is 
done in the PIV measurements of the bubble velocities). To distinguish the individual (overlapping) 
bubbles in the image, we will use advanced image processing tools (see Lau et al., 2013a,b). 
 
Concentration measurement 
Whole field concentration measurements in bubbly flows are notoriously difficult (Colombet et al., 2011), 
because of various optical distortions created by the bubbles. To overcome this issue, we will use a novel 
two-dye laser induced fluorescence technique (2LIF) to measure the concentration field of a fluorescent 
dye. LIF is based on the relation between the local dye concentration and the local fluorescence intensity. 
LIF concentration measurements in bubbly flows are rare, because bubbles deteriorate the homogeneous 
distribution of light in the system. Bubbles can act as lenses, creating bright zones in certain areas, or as 
obstacles, creating shadows. This problem can be circumvented by using two dyes, one of a known 
concentration and one with a concentration depending on the transferred species. Each of the dyes 
should be recorded with a separate camera, using suitable optical filters. The dye with the known 
concentration can be used to quantify spatial and temporal intensity variations necessary for measuring 
the concentration of the other dye (Sakakibara and Adrian, 1999). 
In the project, the PIV velocity data will be combined with the LIF concentration measurement data and 
the bubble properties obtained from the DIA, yielding a broad set of valuable information on the mass 
transfer characteristics in bubbly flow. 
 
Non-optical techniques 
To quantify mass transfer we will study both non-reactive and reactive systems. Oxygen probes will be 
used to measure physical absorption of oxygen in water, whereas pH probes will be used to measure 
chemisorption of CO2 in NaOH. Both studies can be carried out with and without inert particles to 
quantify the influence of the mere presence of the particles. 
The liquid side volumetric mass transfer coefficient kLaGL and the interfacial area aGL will be measured 
with a chemical absorption method. This method is applied to a non-catalysed chemical system that is 
mass transfer limited (i.e. a fast reacting system), such as chemisorption of CO2 in an amine solution 
(Frank et al., 1999; Darmana et al., 2007).  
Subsequently the solid side volumetric mass transfer coefficient kSaLS will be for a fast reacting 
heterogeneously catalysed system, such as the hydrogenation α-methylstyrene (Versteeg et al., 1997; 
Frank et al., 1999) or hydrogenation of nitrite (Ebbesen et al., 2008). 
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Figure 3: Example backlighted image of bubbles in a flat, pseudo-2D bubble column. The bubbles have 
been detected with a digital image analysis (DIA) script. The detected bubbles that are detected are 
indicated by the blue and red circles. Note that bubbles that are in contact with the outer boundary of 
the image are not considered. 
 
Available experimental tools 
Experimental studies of dense GLS systems using optical techniques are limited to what can be observed 
near the confining walls of the reactor. Usually, the processes taken place in the inner of the system 
cannot be “seen”. For this reason, we employ flat pseudo-2D reactors. As high volume fraction multi-
phase flow is dominated by bubble-bubble and particle-bubble interaction, it will be necessary to 
experimentally study these interactions in detail. Lab-scale columns required for this study will be 
constructed/modified in the technical workshop of SMR. Most experimental techniques are readily 
available in the laboratories of the applicants. In this project, we will develop a novel two-dye laser 
induced fluorescence technique (2LIF) that can be used to measure liquid phase concentrations in bubbly 
flows. For the development of image post processing algorithms we will build on past experience (see 
e.g. Deen et al., 2010; Lau et al., 2013a,b).  
Table 3 gives an overview of the various experimental tools that will be used to validate the theoretical 
and numerical models. Moreover, these techniques will provide insight into physical and chemical 
phenomena related to coalescence, breakup, mass transfer, chemical reactions, etc. 
 
Organisation of the research 
The programme consists of three sub-projects, which comprise the following topics respectively: 
 

- PhD 1: Direct numerical simulation of transport and chemical reaction in three-phase flows 
- PhD 2: Euler-Lagrange simulation of transport and chemical reaction in three-phase flows 
- PhD 3: Experimental study of transport and chemical reaction in three-phase flows 

 
The sub-projects will now be discussed in more detail. 
 
Sub-project 1: Direct numerical simulation of transport and chemical reaction in three-phase flows 
 
The objectives of the project are: 
1. Development of a direct numerical simulation tool for reactive three-phase flows  
2. Derivation of closure equations for liquid side interfacial mass transfer coefficients (kgl) for dense 

bubble swarms, with and without particles  
3. Derivation of closure equations for solid-side interfacial mass transfer coefficients (ks) for dense 

particle systems, with and without bubbles 
4. Simulation study of a fast, first order model reaction (hydrogenation of alpha methylstyrene) 
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Sub-project 2: Euler-Lagrange simulation of transport and chemical reaction in three-phase flows 
 
The objectives of the project are: 
1. Development of a coarse-grained three-phase deterministic Euler-Lagrange (DEL) model  
2. Development of a coarse-grained three-phase stochastic Euler-Lagrange (SEL) model  
3. Tuning of the interaction rules in the SEL model with results from the DEL model 
4. Application of the closure models in an Euler-Lagrange model to predict flow and conversion of a 

model reaction in a lab-scale system  
5. Study of scale effects by considering different sized slurry bubble columns 
 
Sub-project 3: Experimental study of transport and chemical reaction in three-phase flows 
 
The objectives of the project are: 
1. Development of an experimental setup for demonstration  
2. Development and testing of a two-dye laser induced fluorescence technique (2LIF) 
3. Detailed experimental validation of the Euler-Lagrange models in terms of chemical conversion, 

bubble size distribution, mass transfer coefficients and hydrodynamics 
 
There is a strong interaction between the different sub-projects. For example, sub-project 2 requires 
knowledge on mass, momentum and heat exchange for GLS flows at high void fraction that is generated 
in sub-project 1. In addition experimental validation of the simulation results will be conducted in sub-
project 3 through the utilization of non-invasive monitoring techniques. In order to ensure a well-
integrated programme it is decided to start two sub-projects in a later stage of the programme. The 
overall planning of the projects can be found in Table 4. Based on the project objectives described in 
section 10a, the following major milestones and associated intermediate publications in international 
scientific journals are foreseen during the execution of the program: 
 
End of year 1:  

Implementation and testing of a three-phase DNS model. Initially, we will first study the 
momentum transfer in three-phase systems. Derivation of closures for the particle and bubble 
drag force depending on the phase fractions, dispersed phase Reynolds numbers. 

 
End of year 2:  

Extension of the three-phase DNS model with mass and heat transfer. Derivation of closures for 
the gas-liquid and liquid-solid mass and heat transfer coefficients depending on the phase 
fractions, and dispersed phase Reynolds numbers. 
Implementation and testing of a three-phase EL model, using existing literature closures for 
momentum, mass and heat transfer. 
Testing of different dyes for use in 2LIF measurements. 
Design of a test setup. 

 
End of year 3:  

Extension of the three-phase DNS model with chemical reaction.  
Incorporation of DNS based closures of momentum transfer in EL model.  
LIF measurements of two-phase gas-liquid flow. 

 
End of year 4:  

Incorporation of DNS based closures for heat and mass transfer in DEL and SEL models and 
study of scale effects using DEL and SEL. 
Comparison of DEL and SEL simulation results with respect to bubble-particle interaction 
statistics. 
LIF measurements of three-phase gas-liquid-solid flow. 

 
End of year 5:  

Comparison of DEL and SEL simulation results with experimental data for chemical conversion. 
Study of scale effects using SEL. 
Reports, publications, three PhD theses, and last but not least, 3 well-trained PhD’s become 
available. 
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Table 4: Project planning. 

Planning 2014 2015 2016 2017 2018 
PhD-1                     
PhD-2                     
PhD-3                     

 
10c. innovative elements 
This project intends to undertake - for the first time - a comprehensive study into the effect of three-
phase interactions on mass transfer, using a combination of two numerical models and laboratory-scale 
experiments. The underlying reason for following such a program is that we expect a direct relation 
between the flow composition of the gas-liquid-solid flow and performance of three-phase reactors, so 
that a profound understanding of the effect mesoscopic structures can be important for the design and 
scale-up of chemical reactors; however this last step is clearly beyond the scope of this present proposal. 
The number of groups around the world performing fully resolved (DNS) simulations and unresolved 
(DEM) simulations has grown enormously in the past 10 years. However, up to now, no group has 
undertaken the step to include mass transfer for dense three-phase systems - but we expect that this is 
only a matter of time. We believe that we are in an ideal position to undertake this challenging project, 
since we are one of the few groups who have developed both numerical codes “in house”,  applied these 
to both particle laden and bubbly flows, and validated these models experimentally. 
Particularly innovative elements of our proposal are i) the application of a stochastic Euler-Lagrange 
model and ii) the development of a two-dye laser induced fluorescence measurement technique. 
 
10d. knowledge utilisation  
 
Possible implementation of the results in the near and/or far future 
In the future biomass will largely replace oil as a chemical feedstock. As a consequence, many gaseous 
base chemicals will be replaced by liquefied base chemicals, which will lead to a demand for more 
knowledge of micro-scale interactions in gas-liquid-solid reactors in general. The techniques developed in 
this project will provide fundamental knowledge that will act as the platform more comprehensive 
modelling and design of three-phase reactors. Moreover, the newly developed tools and closures can be 
applied in the studies of numerous other multiphase flow systems involving dispersed elements (i.e. 
bubbles, droplets or particles). Both the experimental and numerical tools can be applied to various 
scales, i.e. ranging from micro-fluidic systems for lab-on-a-chip applications to macroscopic systems 
involving large scale process equipment. 
 
Effectiveness and attainability of the research approach 
Due to the availability of a variety of in-house developed tools and techniques the project has an 
excellent starting position. An effective transfer of knowledge directly to the direct users with 
simultaneously a direct feedback on our research can be accomplished through frequent contacts with 
our industrial partners like Sabic, Akzo-Nobel, Shell, DSM, Unilever and Corus via currently running PhD 
and post-doc projects in our research group. In addition, the results obtained in this research will be 
presented at different international conferences, such as Computational Fluid Dynamics in Chemical 
Reaction Engineering (CFD/CRE), International Conference on Multiphase Flows (ICMF), International 
Symposium on Multifunctional Reactors/International Symposium on Catalysis in Multiphase Reactors 
(ISMR/CAMURE), International Symposium on Chemical Reaction Engineering (ISCRE), etc., but also at 
national conferences, such as those organised by the Netherlands Research School on Process 
Technology (OSPT) and Foundation for Fundamental Research on Matter (FOM). Moreover, the results 
will be published in internationally renowned journals relevant for this research, such as AIChE J., Chem. 
Eng. Sci., Ind. Eng. Chem. Res. and J. Fluid Mech., but also in national journals like ‘NPT Proces-
technologie’. 
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10e. justification of requested financial support 
Each of the topics (DNS, EL and 2LIF) requires one PhD student. For each of the three PhD students, a 
running budget is required for chemicals and materials (k€ 3), travel to international conferences (k€ 6), 
a powerful workstation (k€ 3). An equipment investment is required for the development of a new 
demonstration reactors (2x k€ 36). 
 
10f. scientific embedding of the proposed research: background, (inter)national position, 
collaborations 
The key aspect of the research conducted is the integration of fundamental research with applied 
engineering science. Within these two topics computational fluid dynamics (CFD) and various 
experimental techniques play a dominant role. For the fundamental understanding of multiphase 
flows bubbly flows and granular flows are studied. Different models (Front Tracking, Volume of Fluid, 
Discrete Bubble, Discrete Particle, Two fluid, Multi Fluid) are used for the description and tracking of 
single bubbles/particles and bubble/particle swarms in multi-phase systems. Also the influence of 
reaction on these processes is studied. This research line was strengthened by the ERC Advanced 
Investigator Grant on the topic “Multi-scale modeling of mass and heat transfer in gas-solid flows”, which 
was awarded to Prof. Kuipers in 2009 and the ERC Starting Independent Researcher Grant on the topic 
“Bubbles on the cutting Edge”, which was awarded to Dr. Deen in 2010. In this project, three of the 
models are further developed on the aspects of momentum, heat and mass exchange using an increasing 
level of complexity, starting from monodisperse, via the level of polydisperse to heterogeneous systems. 
The influence of internals on heterogeneous system behaviour is the final topic to be studied. For 
quantification of flow parameters advanced experimental techniques are developed, i.e. particle 
image velocimetry, digital image analysis and electrical capacitance tomography.  
 
Research environment 
The research environment of project will be the Department Chemical Engineering & Chemistry at the 
Eindhoven University of Technology (TU/e), which is the centre of gravity of chemical engineering in the 
Netherlands. The laboratories of the research team have been installed in 2010 and are equipped with 
state-of-the-art equipment and facilities. The groups of Prof. Jaap Schouten and Prof. Volker Hessel are 
located in the same building. These groups offer ample opportunities for collaboration.  
 
National collaboration 
The research team participates (as the only Chemical Engineering group in the Netherlands) in the 
Center of Excellence Multi-Scale Phenomena in Fluids and Solids of the 3TU federation of the three 
leading universities of technology in the Netherlands. In addition the group participates in the J.M. 
Burgers Center for Fluid Mechanics (JMBC), and the Netherlands Graduate School in Process Technology 
(OSPT). Moreover, the research program on Dispersed Multiphase Flow is firmly embedded in the focal 
research areas defined by the 3TU federation. The research is strongly linked with partners both in 
academia and industry. These collaborations have resulted in many joint projects and papers, and also 
direct sponsorships of PhD projects by industrial partners. Noteworthy in national context are the 
academic collaborations with Prof. Mudde (Delft University of Technology) on the measurement of bubble 
properties using optical probes and with Dr. van Ommen (Delft University of Technology) on the topic of 
fluidization, as well as the collaborations with Prof. Lohse and Prof. Prosperetti (University of Twente) on 
the topic of turbulent and heterogeneous bubbly flows. An important aspect of this research program is 
the integration of fundamental research with applied engineering science. We believe that we are in a 
particularly strong position for such integration, since we have (or have had) collaborations with major 
process industries in and outside the Netherlands (AkzoNobel, Dow, DSM, Glatt, Nestlé, Shell, Tata Steel, 
Tetra Pak, Unilever, Yara), all of which have sponsored PhD projects in our group. The industrial 
relevance of the research in further discussed in the next section. 
 
International collaboration 
Niels Deen has collaboration with Dr. Niceno (Paul Scherrer Institute) on Euler-Euler modelling of bubbly 
flows. Furthermore, there is a very fruitful collaboration with Prof. Heinrich (Hamburg University of 
Technology) and Prof. Mörl (University of Magdeburg) on modelling and PIV measurements of spout 
fluidized bed granulation. The group collaborates with Prof. Seville (University of Surrey) and Prof. Parker 
(University of Birmingham) on Positron-Emission-Particle-Tracking measurements in various types of 
multiphase process equipment. Furthermore, the applicants collaborate with Prof. Geurts (University of 
Twente) on modelling of riser flow. We have collaborated with Prof. Wessling (Aachen University) on gas-
liquid bubbly flow in spacer filled channels. We have collaborated with the group of Antony Ladd 
(University of Florida) on the topic of DNS of gas-solid flows. 
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Van Sint Annaland, M., Dijkhuizen, W., Deen, N.G., Kuipers, J.A.M. (2006). Numerical simulation of 
behavior of gas bubbles using a 3-D front-tracking method. AIChE J., 52(1), 99-110. 
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Webb, C., Que, F., Senior, P.R. (1992), Dynamic simulation of gas-liquid dispersion behaviour in a 2-D 

bubble column using a graphics mini-supercomputer, Chem. Eng. Sci., 47(13-14), 3305-3312. 
Wenmakers, P.W.A.M. (2010). Hairy Foam: carbon nanofibers on solid foam as catalyst support, PhD 

thesis, Eindhoven University of Technology. 
 

11. Summary for the general public (in Dutch) 
a. Title 
Fundamentele multi-schaal modellering van transport verschijnselen in reagerende drie-fasen stromingen 
 
b. Summary 
In dit project onderzoeken we veel voorkomende, zeer complexe, reactieve driefasen gas-vloeistof-vast 
systemen. We doorbreken de status quo, d.m.v. een fundamentele multischaal aanpak, waarbij de 
interactie van bellen en deeltjes met de vloeistoffase wordt uitgedrukt in de vorm van sluitingsrelaties 
verkregen uit directe numerieke simulatie. Voor de beschrijving van grootschalige systemen gebruiken 
we een zeer efficiënt Euler-Lagrange model. Simulatieresultaten worden gevalideerd a.d.h.v. 
meetresultaten van hogesnelheidscamera’s en laser geïnduceerde fluorescentie.  
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Publications and past performance 

 
12. Publications 
 
Below the main publications of the applicants of the past five years are listed (maximum 25): 
 

1. Deen, N.G., Kuipers, J.A.M. (2013a). Direct numerical simulation of wall-to liquid heat transfer in 
dispersed gas-liquid two-phase flow using a volume of fluid approach, Chem. Eng. Sci., 102, 
268–282 

2. Deen, N.G., Kuipers, J.A.M. (2013b). Direct Numerical Simulation of Fluid Flow and Mass 
Transfer in Dense Fluid-Particle Systems, Ind. Eng. Chem. Res., 52(33), 11266–11274 

3. Deen, N.G., Kriebitzsch, S.H.L., van der Hoef, M.A., Kuipers, J.A.M. (2012). Direct Numerical 
Simulation of Flow and Heat Transfer in Dense Fluid-Particle Systems, Chem. Eng. Sci. 81, 329–
344 

4. Movahedirad, S., Molaei Dehkordi, A., Banaei, M., Deen, N.G., van Sint Annaland, M., and 
Kuipers, J.A.M. (2012). Bubble Size Distribution in Two-Dimensional Gas-Solid Fluidized Beds, 
Ind. Eng. Chem. Res. 51(18), 6571-6579 

5. van Buijtenen, M.S., Buist, K., Deen, N.G., Kuipers, J.A.M., Leadbeater, T., Parker, D.J. (2012). 
Numerical and experimental study on spout elevation in spout-fluidized beds, AIChE J. 58(8), 
2524–2535 

6. Movahedirad, S., Molaei Dehkordi, A., Deen, N.G., van Sint Annaland, M., Kuipers, J.A.M. 
(2012), Novel phenomenological discrete bubble model of freely bubbling dense gas-solid 
fluidized beds: Application to two-dimensional beds, AIChE J. 58(11), 3306-3317 

7. Jain, D., Deen, N.G., Kuipers, J.A.M., Antonyuk, S., Heinrich, S. (2012), Direct numerical 
simulation of particle impact on thin liquid films using a combined volume of fluid and immersed 
boundary method, Chem. Eng. Sci. 69(1), 530-540 

8. Bai, W., Deen, N.G. and Kuipers, J.A.M. (2012). Numerical investigation of gas holdup and phase 
mixing in bubble column reactors, Ind. Eng. Chem. Res. 51(4), 1949–1961 

9. Godlieb, W., Gorter, S., Deen, N.G. and Kuipers, J.A.M. (2012). Experimental study of large 
scale fluidized beds at elevated pressure, Ind. Eng. Chem. Res. 51(4), 1962–1969 

10. Bai, W., Deen, N.G. and Kuipers, J.A.M. (2011). Numerical analysis of the effect of gas sparging 
on bubble column hydrodynamics, Ind. Eng. Chem. Res. 50(8), 4320-4328 

11. Roghair, I., Lau, Y.M., Deen, N.G., Slagter, H.M., Baltussen, M.W., Van Sint Annaland, M., and 
Kuipers, J.A.M. (2011). On the drag force of bubbles in bubble swarms at intermediate and high 
Reynolds numbers, Chem. Eng. Sci. 66(14), 3204-3211 

12. Lau, Y.M., Roghair, I., Deen, N.G., Van Sint Annaland, M., and Kuipers, J.A.M. (2011). Numerical 
investigation of the drag closure for bubbles in bubble swarms, Chem. Eng. Sci. 66(14), 3309-
3316 

13. Willems, P., Deen, N.G., Kemperman, A.J.B., Lammertink, R.G.H., Wessling, M., van Sint 
Annaland, M., Kuipers, J.A.M., van der Meer, W.G.J. (2010). Use of Particle Imaging Velocimetry 
to measure liquid velocity profiles in liquid and liquid/gas flows through spacer filled channels, J. 
Membrane Sci. 362(1-2), 143-153 

14. Dijkhuizen, W., Roghair, I., Van Sint Annaland, M., Kuipers, J.A.M. (2010). DNS of gas bubbles 
behaviour using an improved 3D front tracking model-Drag force on isolated bubbles and 
comparison with experiments, Chem. Eng. Sci. 65(4), 1415-1426 

15. Dijkhuizen, W., Roghair, I., Annaland, M.V.S., Kuipers, J.A.M. (2010). DNS of gas bubbles 
behaviour using an improved 3D front tracking model-Model development, Chem. Eng. Sci. 
65(4), 1427-1437 

16. Dijkhuizen, W., van Sint Annaland, M., Kuipers, J.A.M. (2010). Numerical and experimental 
investigation of the lift force on single bubbles, Chem. Eng. Sci. 65(3) , 1274-1287 

17. Deen, N.G., Willems, P., van Sint Annaland, M., Kuipers, J.A.M., Lammertink, R.G.H., 
Kemperman, A.J.B., Wessling, M., and van der Meer, W.G.J. (2010). On Image Pre-Processing 
for PIV of Single and Two-Phase Flows over Reflecting Objects, Exp. Fluids 49(2), 525-530 

18. Darmana, D., Deen, N.G., Kuipers, J.A.M., Harteveld, W., and R.F. Mudde (2009) Numerical 
study of homogeneous bubbly flow: influence of the inlet conditions to the hydrodynamic 
behavior, Int. J. Multiphase Flow 35, 1077–1099 

19. Deen, N.G., van Sint Annaland, M., Kuipers, J.A.M. (2009), Direct numerical simulation of 
complex multi-fluid flows using a combined front tracking and immersed boundary method, 
Chem. Eng. Sci. 64(9), 2186-2201 
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20. Willems, P., Kemperman, A.J.B., Lammertink, R.G.H., Wessling, M., van Sint Annaland, M., 
Deen, N.G., Kuipers, J.A.M., van der Meer, W.G.J. (2009), Bubbles in spacers: direct observation 
of bubble behavior in spacer filled membrane channels, J. Membrane Sci. 333(1-2), 38-44 

21. Zhang, D., Deen, N.G. and Kuipers, J.A.M. (2009), Euler-Euler Modeling of Flow, Mass Transfer, 
and Chemical Reaction in a Bubble Column, Ind. Eng. Chem. Res. 48(1), 47-57 

22. Niceno, B., Dhotre, M.T., and Deen, N.G. (2008), One Equation Subgrid Scale (SGS) Modeling 
for Euler-Euler Large Eddy Simulation (EELES) of Dispersed Bubbly Flow, Chem. Eng. Sci. 63 
(15), 3923-3931 

23. van der Hoef, M.A., van Sint Annaland, M., Deen, N.G. and Kuipers, J.A.M. (2008), Numerical 
Simulation of Dense Gas-Solid Fluidized Beds: A Multiscale Modeling Strategy, Ann. Rev. Fluid 
Mech. 40, 47-70. 

24. Deen, N.G., van Sint Annaland, M., van der Hoef, M.A. and Kuipers, J.A.M. (2007), Review of 
discrete particle modeling of fluidized beds, Chem. Eng. Sci. 62(1-2), 28-44 

25. Darmana, D., Henket, R.L.B., Deen, N.G. and Kuipers, J.A.M. (2007), Detailed modelling of 
hydrodynamics, mass transfer and chemical reactions in a bubble column using a discrete bubble 
model: Chemisorption of CO2 into NaOH solution, numerical and experimental study, Chem. Eng. 
Sci. 62, 2556-2575 
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13. Past performance 
 
The research group has seven permanent scientific staff members, three of which will be directly 
involved in the research of this proposal. These are: 
 
- Hans Kuipers (full professor), who has experience with both levels of models for many types of 

multiphase flows, in particular within the context of a multi-scale strategy. He will lead the project 
and be involved in both modelling and experimentation.  

- Niels Deen (associate professor), who is the group's expert on non-invasive monitoring techniques 
such as PIV and DIA, and also has much experience with DNS and DEM modelling. He will be 
involved with the experimental validation and modelling. 

- Johan Padding (assistant professor), who is an expert on particle based modelling, high-performance 
computing, and on complex fluids. He will be involved in the development of the Lagrangian models 
and optimizing the solution of the chemical species equations, which require a high level of detail. 

 
This team of researchers has successfully studied and will continue to study transport phenomena and 
their interplay with chemical transformations in multiphase chemical reactors. The main goals of the 
research activities within the research team are i) the improvement of our fundamental understanding, 
ii) the development of new reactor models with improved predictive capability for this industrially 
important class of chemical reactors and iii) the development of novel integrated reactors. The strength 
of the research team is the fundamental approach to attack complicated and challenging problems that 
arise in the design, development and optimization of multiphase reactors. These reactors are used in a 
multitude of applications in the process industries for the large scale production of energy carriers and 
chemical building blocks. In our research both fundamental and application oriented aspects are covered.  
This project is thus well embedded into our current research programme.  
The project will be carried out in close collaboration with currently active PhD students within the group 
that work on closely related project:  
 
- ERC Starting Grant project of Niels Deen (4 PhD students); development and modelling of a micro-

structured bubble column reactor. 
- ERC Advanced Grant project of Hans Kuipers (8 PhD students); numerical and experimental study of 

mass and heat transfer in gas-solid flows. 
 
International position of Prof. Kuipers 
The research group of Prof. Kuipers is internationally recognised as one of the leading research groups on 
Dispersed Multiphase Flow and Novel Reactor Concepts. This is underscored by the fact that Prof. Kuipers 
has the highest number of papers (100) published of any author in Chemical Engineering Science (one of 
the two leading journals in the field). In total he published 264 research papers in peer-reviewed 
scientific journals and has an h-index of 43 (38 excl. self-citations, Scopus). In 2009 the European 
Research Council awarded Prof. Kuipers an Advanced Investigator Grant on the subject “Multi-scale 
modeling of mass and heat transfer in gas-solid flows”. Since 2007 Prof. Kuipers supervised 16 PhD 
Theses, published 130 papers and 2 book contributions; he presented 11 invited lectures at international 
conferences. 
 
Chairmanships 
2003 Co-chair conference CFD in Chemical Reaction Engineering III, Davos 
2006-2010 Scientific Director of the Institute of Mechanics, Processes and Control – Twente (IMPACT) 
2012  Co-chair of 22nd International Symposium on Chemical Reaction Engineering (ISCRE) 
2013 Chair conference Fluidization XIV, Noordwijkerhout 
 
Board memberships 
2009-now International Advisory Board “Particuology”. 
2012-now Editorial Advisory Board “International Journal of Multiphase Flow” 
2012-now Advisory Board “Acta Mechanica” 
2006-2010 Member of the Strategic Council of the University Twente 
 
Prof. Kuipers was scientific committee member at the 6th international conference on Multiphase Flows 
(2007) and the international conferences on application of CFD in the Process Industries (2008, 2009). 
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International position of Dr. Deen 
Dr. Deen published 86 research papers in peer-reviewed scientific journals and has an h-index of 19 (18 
excl. self-citations, Scopus). In 2010 the European Research Council awarded Dr. Deen an ERC Starting 
Independent Researcher Grant on the subject “Bubbles on the cutting Edge”. Since 2007 Dr. Deen 
supervised 5 PhD Theses, published 61 papers, and presented 2 invited lectures. He was invited as an 
external reviewer for scientific research proposals of 14 different science foundations. 
 
Chairmanships 
2009 Co-chair of the 2nd international FERMAT-IMPACT meeting 
2013 Co-chair conference Fluidization XIV, Noordwijkerhout 
 
Board memberships 
2005-2010 Member occupational health and safety advisory board, Faculty Science and Technology,  
 University of Twente  
2007-2009 Vice-chair Faculty Council, Faculty of Science and Technology, University of Twente 
2009-now Secretary working group on Multiphase Flows, J.M. Burgerscentrum Research  School on 
 Fluid Mechanics in the Netherlands 
2011-now Member large equipment-committee, Department of Chemical Engineering and Chemistry,  
 Eindhoven University of Technology 
 
International position of Dr. Padding 
Dr. Padding published 55 research papers in peer-reviewed scientific journals and has an h-index of 16 
(15 excl. self-citations, Scopus). In 2005 NWO awarded Dr. Padding a prestigious VENI Grant. Since 
2007 Dr. Padding supervised 8 PhD theses, published 39 papers, 2 book chapters, and presented 9 
invited lectures. He is member of the Editorial Board of the Scientific World Journal (since 2011, Physical 
Chemistry section) and the ScienceJet Journal (since 2012, Physical Chemistry and Chemical Physics 
section). He was invited reviewer for NWO in 2011 and 2012, and 6 times invited reviewer for the 
National Science Foundation (USA) in the period from 2006 to 2013. 
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Statement 

 
14. Statement by the PI 
 
By submitting this form through Iris, I declare that I have completed this form truthfully and I declare 
that I have informed the correct official(s) of my employing institute of this submission (e.g. the scientific 
director or dean). 
 
Name: Prof.dr.ir. J.A.M. Kuipers 
 
Place: Eindhoven 
 
Date: 24 September 2013 
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