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SIAMUF – Seminarium

Flerfasströmning

KTH

10 maj 2007

Stora delar inom svensk industri har idag produkt- och teknikområden som berörs av
flerfasströmning. SIAMUF vill med detta seminarium bjuda in till en dag med information
om pågående forskning inom flerfasströmningsområdet, Seminariet äger rum den 10 maj
kl. 10-17. Plats: KTH Biblioteket, Qsquars backe 31, Stockholm.
Den preliminära agendan följer nedan.

Agenda 10/5

09.30-10.00, Kaffe och fralla
10.00  Inledning                                                                          Ingela Niklasson-Björn
10.15  Processrelaterade presentationer                                               Olof Melander

• Flow measurements in fiber suspensions by NMR              Shiho Tanaka, KTH
• PIV study on a multiphase flow: the formation of a

fibre network.                                                                      Gabriele Bellani, KTH
• Modelling the effect of turbophoresis in particle-laden

turbulent channel flow                                                     Tobias Strömgren, KTH
• A novel cohesive particle flow model for dense

particulate flows                                                              Srdjan Sasic, Chalmers
11.35  Blandningsprocesser I                                                                  Olof Melander

• Large eddy simulation of aerated flow in stirred tanks       Johan Revstedt, LTH
• Measurement of mixing in continous low viscosity

mixers                                                                         Fredrik Innings, Tetra Pak
12,15   Lunch
13.15  Blandningsprocesser II                                                                  Hans Moberg

• Fluid dynamics in a high shear mixer                       Anders Darelius, Chalmers
• Using centrifugal pump technology in complex flow      Richard Holm, ITT Flygt
• Steam-condensation from singel steam hole as well as

from annular steam injector                                          Lars Hamberg Tetra Pak
• Modelling of deforming bubbles and droplets                             Lisa Prahl, LTH

14.35  Kaffe
15.00  Övriga presentationer                                                                    Hans Moberg

•    Modelling inconsistencies and issues in multiphase flows      Laszlo Fuchs, LTH
• Some problems in cavitation simulation                            Göran Bark, Chalmers
• From permeability modelling to particle deposition in

human lung: An overview of activities at LUT                 Staffan Lundström  LTU
• Understanding Steam Explosion Micro-Interactions:

Visualization and Analysis                                           Roberta C. Hansson, KTH
• Choice of Urea-Spray models in CFD simulations

of Urea-SCR systems              Andreas Lundström och Henrik Ström, Cgalmers
16.40    Avslutning                                                                      Ingela Niklasson-Björn

Ytterligare upplysningar
Kontakta Erik Olsson, mailto:erik.olsson@me.chalmers.se eller ring 0703-088034
Anmälan om deltagande
Sändes till Erik Olsson, E-post se ovan. Seminariet är avgiftsfritt för SIAMUF medlemmar
och föredragande. För övriga faktureras en avgift av SKR 500. Vi vill ha er anmälan om
deltagande senast 3 maj.
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Abstracts

Flow measurements in fiber suspension by NMR
Shiho Tanaka, Sergey Dvinskikh, Fredrik Lundell and István Furó

KTH Physical Chemistry, KTH Industrial NMR Centre and KTH Mechanics

In the process of making paper, cellulose fibers are suspended in water. The suspension is spread out by a
nozzle (the so called headbox) in the form of a plane liquid jet on, or in-between, two moving permeable
wire bands. Next, in the forming section, dewatering is performed when the water pass through the small
holes in the wire. The quality of the final paper sheet is directly influenced by the conditions of the fiber
distribution in the headbox and during the dewatering process.
     The coupling between the acceleration/deceleration of the liquid in a fiber network and the deformation
of the network are still not well understood.
     Due to its complexity and intricacy, the study of fiber networks and its interaction with water is very
difficult. The typical concentration of fibers in the headbox is 1% or lower and after the dewatering process
it becomes 15%. This suspension is opaque and therefore optical techniques, commonly used for flow
studies, are impossible to employ.
     Nuclear Magnetic Resonance (NMR) and Magnetic Resonance Imaging (MRI) are widespread
techniques in chemistry and medical diagnostics for both in-vivo and in-vitro measurements. NMR methods
can also access flow velocities in opaque liquids and some measurements have been conducted previously
in pipe flow with cellulous fibers suspended in water. However, the conventional NMR setup, which allows
for vertical cylindrical flow, limits applications. Conventional NMR equipments are also non-portable.
     A single-sided portable NMR MOUSE® was adapted for the present experiment. The NMR MOUSE is
constructed around an open-geometry permanent magnet with a built-in radio-frequency detector with a
sensitive volume of 0.1 mm thickness and of 10_10 mm2 area. A surface gradient coil providing pulsed
lateral field gradients was designed. Its geometry was optimized to allow accurate velocity measurements in
the range 1-200 mm/s within the sensitive volume of the NMR sensor.
     The mean velocity profile of a fiber-suspension flow in a rectangular channel was successfully measured
using a NMR MOUSE.
     The NMR-derived velocity profile was compared to that from Laser Doppler Velocimetry (LDV) in pre
measurements with transparent liquids without fibers. The results show an excellent agreement.

PIV study on a multiphase flow: the formation of a fibre network.
Gabriele Bellani, Fredrik Lundell, and L. Daniel Söderberg

KTH Mechanics

The formation of a fibre network and the flow inside the network play an important role in many natural
and industrial processes. However these flows are complex phenomena and a detailed experimental study is
complicated. Simultaneous measurements of the velocity of the different phases can provide a knowledge
of the time-dependent interactions that control the dynamics of these systems, but transparency of the
disperse phase and interference with the seeding make standard optical techniques (like PIV, LDV, etc.)
unsuitable for this application.
    In this work we combine PIV techniques with index-ofrefraction matching and digital image filtering to
measure the time-resolved velocity field of the different components of a multi-phase suspension
separately. This is applied to investigate the formation of a network from an initially dilute suspension of
fibre-like and spherical particles. The experiments are performed in a vertical transparent channel as
illustrated in figure 1. The suspended particles are cylindrical fibers and spheres. The fibre material is
fluorocarbon, chosen for the transparency and the relatively low Young’s modulus. To perform
measurement in the network, the suspension is made optically transparent by using a solution of 65% (in
weight) of glycerine in water. This matches the index of refraction to that of the particles. The flow is
recorded with a CCD camera that can be moved along the channel length. The motion of the particles can
be visualized by dying a small fraction of fibres and spheres, whereas small spherical particles are used to
track the motion of the fluid. A spatial digital filter, developed for this application, makes it possible to
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identify fibres, spheres and seeding particles respectively. Therefore, the different phases are recorded in
the individual filtered images. The velocity of the fluid and of the spheres can be calculated by standard
PIV algorithms, while the linear and angular velocity of the fibres is determined by a fibre tracking
algorithm which uses steerable filters (Jacob (2004)) to detect positions and orientations.

Three non-dimensional numbers have been found to be the parameters that mostly affect the problem:
• Effective viscosity. It is the relative magnitude of the shear to the elastic forces acting on the fibres

(see Tornberg & Shelley (2004)).
• The relation between the sedimentation and the bulk flow velocity, where the sedimentation

velocity refers to an isolated fibre in Stokes flow.
• The relations between the Reynolds number, the fibre diameter and the mesh width of the screen.

The values of the above parameters changes with fluid viscosity, fibre aspect ratio and flow velocity. In the
present experiments, these numbers are similar to those in papermaking

References
Jacob, M. Design of steerable filters for feature detection using canny-like criteria. IEEE transactions on
pattern analysis and machine intelligence, Volume 26, 1007 – 1018 (2004)
Tornberg, A.K. & Shelley, M.J. Simulating the dynamics and the interactions of flexible fibers in Stokes
flow. Journal of computational physics, Volume 196, 5 – 40 (2004)

Interaction between particles and turbulence in gas-particle flows
Tobias Strömgren

Linn´e Flow Centre, Dept. of Mechanics, KTH

In turbulent particle-laden flows the particles are transported by the mean flow and the turbulence. On the
other hand, the particles affect the flow due to the exerted drag. This complex interaction between the flow
and the particles is called two-way coupling and affects both the particle and velocity distributions. In
turbulent pipe flow it is known that particles tend to accumulate near the wall. This is owing to the
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turbophoresis effect; particles drift from regions of high turbulence intensity to regions with a low
turbulence intensity e.g. near the wall, see Marchioli & Soldati [2002]. For practical applications it is
important to know the transport rates of the particles and the gas, and the distribution of the particles in
turbulent particle-laden flows. Most modelling on turbophoresis have only taken into account one-way
coupling and did not include a model for particle collisions. The aim of this study is to simulate turbulent
gas-particle flows in channel flow using a numerical model whereby we take into account both
turbophoresis and two-way coupling and also include a model for particle collisions.
    The implemented model is the modified two-fluid model by Elghobashi & Abou-Arab [1983]. An
Eulerian model is used for both phases, i.e. both phases are treated as continua. The model takes into
account the influence of the turbulence on particle transport and the drag of the particle on the flow. For
particle collisions a model based on kinetic-theory is used, see Zhang & Reese [2003]. The model is used to
simulate the transport and the distribution of the particles and the effect of the particles on the flow for
different particle sizes and mass loadings. For the turbulence a standard K-ω model is used, where K is the
turbulent kinetic energy and ω is the inverse time scale of the turbulence.
    The model is implemented into a finite element code and at present we use cyclic boundary conditions in
the main flow direction.
    Results will be compared with reported experimental data and DNS to validate the model and to obtain a
better understanding of the gas-particle flow, in particular of the accumulation of the particles near walls
due to the influence of the turbulence. Preliminary results of simulations with the model show that particle
collisions have a significant impact on the flow. In the future we will improve the model described above,
with better models for the transport of the particles. The Explicit Algebraic Scalar Flux Model (EASFM),
see Wikström et. al [2000], will be used as a base for the model of the turbulent particle transport.

References
Marchioli, C. & Soldati, A. Mechanisms for particle transfer and segregation in a turbulent boundary layer.
J. Fluid Mech., Volume 468, 283 – 315 (2002)
Elghobashi, S.E. & Abou-Arab, T.W. A two-equation turbulence model for two-phase flows. Phys. Fluids,
Volume 26, 931 – 938 (1983)
Wikström, P.M. & Wallin, S & Johansson, A.V. . Derivation and investigation of a new explicit algebraic
model for the passiv scalar flux. Phys. Fluids, Volume 12, 688 – 702 (2000)
Zhang, Y. & Reese, J.M. . Gas turbulence modulation in a two-fluid model for gas-solid flows. AIChE
Journal, Volume 49, 3048 – 3065 (2003)

A novel cohesive particle flow model for dense particulate flows
Srdjan Sasic

Applied Mechanics, Chalmers

This work presents a physical model describing the agglomeration behaviour present during fluidization of
fine powders belonging to group A of Geldart classification. The key issue is that in such a situation, both
hydrodynamic and inter-particle forces are of importance. The model is presented as a balance of dominant
forces present in fluidization and acting on a single particle. It is incorporated into simulations based on an
Eulerian approach and using the kinetic theory of granular flow. The model results in predicting the
presence, size and behaviour of the agglomerates, created when fine powders are fluidized. To validate the
model, simulations of a fluidized bed operated with fine fluid catalytic cracking (FCC) and at
various gas velocities, are compared with experiments through time-averaged solid volume profiles. The
agreement between the simulations and experimental data obtained from the literature is good. The
simulations show that, under typical bubbling fluidized bed flow conditions, agglomerates of a definite
number of single particle diameters can be locally present in the fluidized bed.

Large Eddy Simulation of Aerated Flow in Stirred Tanks
Johan Revstedt and Dragana Arlov

Lund University
Energy Sciences/Fluid Mechanics

Aerated stirred reactors are widely used in chemical and biochemical industry in for example fermentation
processes. A major challenge in such processes is to create an adequate environment for the micro-
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organisms in terms of for example oxygen content, glucose and substrate concentrations and pH-level, in
order to ensure good productivity and product quality.
     The flow in a stirred reactor is time-dependent, turbulent and the two phases interact strongly with each
other. Close to the impellers the flow is highly turbulent and resembles a swirling jet with a superimposed
periodic motion originating from the impeller rotation. Considering radial pumping flat bladed impellers,
e.g. the Rushton impeller, a pair of trailing vortices are formed in the wake of each blade. These vortices
create low pressure regions which will attract gas bubbles.
     The shape and the number of gas cavities depend on the gas volume flow and the impeller speed. These
gas cavities affect both the pumping capacity and the power requirement of the impeller, which in turn
affects the overall fluid flow and of course the performance of the gas-liquid stirred reactors. Radial
pumping turbines, turbines are not good in promoting mixing in the axial direction, as was observed in
numerous previous studies. However, in multi-impeller turbines the lowest impeller is very often a radial
pumping with the role of dispersing bubbles. In the present work we consider only this impeller, as a single
impeller turbine.
     The goal of this study is to investigate the performance of an aerated stirred reactor using a combination
of LES and two-way coupled Lagrangian Particle Tracking (LPT) In addition, we investigate effects of
aeration on the dynamics of the liquid flow in a reactor at low gas volume fractions. The influences of the
aeration number, area of the sparger and impeller speed are considered.
     A sample result is presented in the figure below. It shows the average gas volume fraction in the tank
centre plane with the the dispersion by the impeller clearly visible. Decreasing sparger diameter decreases
the size of the bubble plume, however, the gas dispersion in the upper part of the tank is only marginally
influenced. However, a smaller sparger will influence the impeller discharge more due to higher gas volume
fractions in the blade wakes. Also note that only a small amount of gas is distributed to the lower part of the
tank, which is a known problem with Rushton turbines especially in combination with a flat bottom vessel.

Figure 1: Gas fraction at 400 rpm with a sparger diameter of 75 mm (left) and 37.5 mm (right).

Measurement of mixing in continuous low viscosity mixers
Fredrik Innings

Tetra Pak AB, Lund

Tetra Pak Processing Systems develops process equipment for the food industry. One common process of
high importance is the continuous mixing of a viscous ingredient in to a low viscous main stream. In
general the mixing requirement of the product is very high and hence the measurement methods must be
very accurate. Here results from project with the objectives to develop both, reliable measurement methods,
and an effective mixing system will be presented.

For the measurements two different methods were developed and compared. The first was based on
conductivity and the second on density. Although time consuming, in this application were the demand on
accuracy were very high, the second method were proved superior and were found to have a final accuracy
of better than 0.1%.
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     In general for the mixing, the viscosity of the added ingredient was extremely important and it was
necessary to select different solution for various types of products. For the processes where an extremely
high viscous liquid is introduced in to a low viscous solution, i.e. juice concentrate in water, equipment that
generates high shear is needed as the controlling mechanism is the breakup of the high viscous phase. But
in the application where a low viscous liquid is introduced in to a low viscous solution, global motions in
the system were controlling the result to a surprisingly degree. Hence very little specialized equipment is
needed as slow global motions can easily by achieved from bends etc.
     Even as this work was purely empiric a few theoretical aspects was brought up: Is turbulent diffusion
relevant in this type of process? How to create large 3D motions in a pipe with a low pressure drop? How to
quantify the shear needed?

Fluid Dynamics in a High Shear Granulator-Experiments and Mechanistic Modelling
Anders Darelius

Chemical Engineering Design
Department of Chemical and Biological Engineering

Chalmers University of Technology

High shear wet granulation is a key step in the manufacturing of tablets in the pharmaceutical industry. In
this step, powder of an active substance and fillers are mixed together under high shear and liquid addition
resulting in coalescence and formation of new granules. The granules possess major advantages compared
to powders, which they are composed of, in terms of improved flow properties, reduced risk of segregation,
increased homogeneity and reduced risk of dust explosion. From the pharmaceutical industry’s point of
view, there is a desire for predictive quantitative process models to be able to make in-silico process and
scale-up simulations, which would shorten and reduce the cost of technology transfer from laboratory scale
to manufacturing scale in drug development. Population balance models are found to describe granule
coalescence and growth well, but the applicability of the population balances is limited if the particle flow
in the granulator is not known in detail. Thus, the presented work focuses on Experimental Fluid Dynamics
(EFD), i.e. to develop experimental techniques for measuring the powder flow pattern, and to model the
flow using Computational Fluid Dynamics (CFD).
     Experimentally, a high speed camera with a maximum frame rate of 2000 frames per second was
mounted on the side of the transparent granulator vessel. A sensor triggered the image recording when an
impeller blade passed by, in order to obtain velocity information with angular resolution. The images were
treated statistically using PIV software, and the method was found to be successful for obtaining velocity
data on the powder flow at the granulator wall. Laser Doppler Anemometry (LDA) was used to cross
validate the camera method and it was found that the velocity field from the wall and up to 4 mm into the
dense rotating powder mix could be measured with the laser technique. The measured velocity profiles
showed that the partial slip boundary condition is appropriate for the flow of the solids phase in the near
wall region in a granulator.
     In the CFD flow simulations, the Eulerian-Eulerian approach with closure relations from the Kinetic
Theory of Granular Flow (KTGF) combined with frictional stress models was employed. The frictional
stress models were necessary to describe particle-particle interactions in the densest parts of the granulator
where the particles were in sustained contact with each other. The coupling between KTGF and frictional
stress models was found to be fruitful for at least roughly describing the flow in the entire granulator.
However, more work is required, e.g. on the development of boundary conditions applicable to the dense
solid phase, and on theoretical models for the frictional pressure in the solid phase. Today, only empirical
frictional pressure models are available.

Using centrifugal pumps in complex flow
Richard Holm

ITT Flygt, Research and Development

The use of centrifugal pumps in water treatment process is growing. Hence, an increasing needs to study
pumping non-Newtonian fluids with centrifugal pumps. With the introduction of N-impeller in the product
range by ITT Flygt, the study objectives contribute to design tools improvements. This results in energy
efficient system and product applications.
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      During the years there have been several studies in pump derating for non-Newtonian suspension and
formed a proposal for standard by Hydraulic Institute (HI – standard 1983), however in praxis this standard
shows a conservative approach.  The purpose of this study is to determine how the performance of N-
pumps (ranging from 4-15 kW) is affected by fluids with non-Newtonian behaviour; (Carbopole-676) and
treatment sludge.
     This experimental study includes two parts of tests. One is related to existing pump installations in
treatment plants, the other to a portable flow loop. Total pressure head, flow rate, power and pressure pipe
loss was measured. Rheometer test was also conducted for the different liquids.
     The result showed that in the sludge application test, the N-pump performance curves are only
marginally influenced for sludge up to total solids (TS<4%). For 4%<TS<8 % the performance was derated
with some equivalent value as the TS-value (decrease in pressure head and flow rate and increase in
power). Test was also performed with liquid equivalent to 10< TS <12% and in this study with N-pumps
the result indicated that the HI standard to be conservative for non-Newtonian fluids.
     Regarding rheology studies test with Carbopol 676 showed a useful liquid model of sludge with shear
thinning behaviour. However, in order to avoid the difficulties with cylinder rheometer and jamming effect,
pressure loss measurement in the flow loop and in the existing application result in rheological measures.
Apart from the expected transition to laminar flow due to increased viscosity, a drag reduction for sludge
was obtained, similar to pulp fibre suspensions. This occurred for rather large flow rate. For low flow rate,
the pressure loss was in agreement with model estimation for non-Newtonian fluids, however, the pressure
head showed a somewhat unexpected result. The result showed to fulfill the project purpose, but also
highlighted some interesting aspect regarding centrifugal pumping of non-Newtonian fluids to be further
discussed.

Steam-condensation from single-steam-hole as well as from annular-steam injector
Lars Hamberg

Tetra Pak AB, Lund

In food-processing, steam injection devises are used for heating a liquid food product when there is a
demand for rapid heating. Although today’s process and process equipment have been functioning well for
over 30 year there is still sufficient lack of knowledge around their performance and function, and hence to
learn more about steam injection is of interest to be able to improve its performance.
     Basically the system consist of a cold product phase in with the hot steam phase is injected. The steam
rapidly condenses and heats the product forming a heated and diluted product. The result should be an even
heated product and a silent and vibration free system. However the nature of the product put special
demands and limitations of the optimization of the steam jet, e.g. if the product is heated more than
necessary in some domains an of-flavor is created, if the product temperature is high close to a wall fouling
could be introduced or the extreme variations of product-viscosity with temperature.
     To gather necessary knowledge around the system two types of experimental plants have been
constructed. The first plant is a large full-scale plant to produce process guidelines and to verify safety
demands. The second smaller plant is constructed to visualize details in the injection process and to and top
create knowledge to answer interesting questions like: What types of condensation regimes do exists? What
is controlling the speed of condensation? What is controlling the mixing in high viscous situations? How to
construct geometries to control the areas were mixing take place? Could the steam-jet be controlled to avoid
uneven heating?
  

Modelling of deforming bubbles and droplets
Lisa Prahl

Div. Fluid Mech, LTH

In order to improve models of sprays, it is important to understand the characteristics of individual droplets
as well as the behavior of the interaction among droplets. In comparision with particles, some additional
characteristics appears that separates droplets from particles. The most apparent features are the internal
circulation of a droplet and the surface tension at the droplet interface. Moreover, droplets may deform,
evaporate, merge together with other droplets or breakup. Additionally, droplets are sensitive to surface
contaminants that primarily lead to a reduction of internal circulation of the drop. Along with the flow
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characteristics, these are all factors that influence the features of a spray.
     Several studies investigating sprays have been presented of which one may mention Ghosh & Hunt
(1997), Fujisawa et al. (2003), Krüger & Grünefeld (2000), Park & Katta (1998). However, experimental
and numerical studies of single droplet characteristics and dropletdroplet interaction are scarce. The
deformation of a single droplet was investigated by Koh & Leal (1990) and Helenbrook & Edwards (2002),
where the shape of a deforming droplet was divided into three categories; an oblate droplet where the
velocity past the droplet is similar to the velocity past a spherical particle, a prolate drop where the
prolongation of the drop forms a tail that breaks off into one or more droplets, a deformation due to liquid
circulation rather than gas flow, and finally, an initially oblate drop where highpressure region in the rear of
the drop develop a cavity. In a study presented by Raju & Sirignano (1990), two moving vaporizing
droplets placed in a tandem arrangement were considered. Similar to the case of two spherical particles in
tandem formation, the secondary droplet is affected by the wake of the reference droplet causing a
reduction in drag. This effect was decreased when the droplets were more than two particle diameters apart.
When equally sized droplets were placed close to each other, it was found that drop collision became more
likely to occur due to a faster deceleration of the reference droplet caused by higher drag. However,
decreasing the size of the secondary droplet, collisions were prevented.
     The purpose of the current work is to account for interdroplet interactions as well as deformations in
order to improve already exsisting spray models. The Volume of Fluid (VOF) method is used in order to
represent the droplets and the computations are carried out on a Cartesian grid.

Modelling inconsistencies and issues in multiphase flows
Laszlo Fuchs, LTH

Sprays are often characterized by large variations in the droplet number density, droplet size
distribution and droplet Reynolds number. Such two-phase flows are difficult to handle due the large
variation in the local loading of the dispersed phase. At regions with high loading one may use
Eulerrian/Eulerian description while when the loading is low one has to use the Eulerian/Lagrangian
approach. We consider a typical case of liquid jet injected into a strong crossflow. The jet disintegrates
into droplets that ultimately evaporate. This is the situation in practically all combustion devices (IC-
engines and gas turbines). The two-phase flow is handled by an Euler/Lagrange solver in which
turbulence is modelled by large-eddy simulation. We use this case to critically asses the model
assumptions of the Lagrangian particle tracking approach. Most often the droplets are assumed to be
spherical and isolated. It is shown that several model assumptions are apparently inconsistent in critical
regions of the flow field. Firstly, average Weber numbers can be so large that the model assumption to
regard droplets as spherical is questionable, not only near the nozzle, but also in the far-field.
Secondly, the average droplet spacing can be so low that droplets directly interact with each other,
again also in the far-field. Thirdly, the average Stokes numbers in the jet region can be so large that the
phase coupling between the dispersed and continuous phase is weak. Some remedies to these
deficiencies are proposed.
     We propose model improvements to correct for the above mentioned inconsistencies. The effects of
droplet deformation are considered for a spray injected into cross-flow by computing a drag correction
factor depending on the Reynolds numbers, the Weber numbers, and the eccentricity. It is shown that
the drag on droplets may increase by a factor of more than two compared to the drag on spherical
droplets. The mean penetration of the droplets is demonstrated to be smaller if droplet deformation
effects are accounted for. This drag increase due to Weber number effects may approximately cancel
the drag decrease due to aerodynamic droplet interaction effects in this flow.

Some problems in cavitation simulation
Göran Bark

Department of Shipping and Marine Technology, Chalmers

The present summary, together with the ppt-document, is aimed to describe some work in progress at the
department of Shipping and Marine Technology Chalmers. Cavitation has for a long time been a subject
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Chalmers but not until the last ten years or so had the development of CFD for viscous flow came to a state
being useful for problems related to pressure pulses of higher frequencies, noise and erosion caused by
cavitation. The potential flow methods, still very useful and in daily use, are limited to prediction of only
the pressure pulses at the lowest frequencies.
     Typical for cavitation is the large span of scales, in space and time, from a few µm to m-scale and a few
µs to seconds at for example full scale propellers. In engineering applications it is usually not necessary, or
possible, to record the full span but the large span is a problem and due to this there still remain a number of
questions to answer. The present research is focused on applications and the extremely small scales are not
entirely neglected but considered approximately.
     Cavitation is a highly unsteady process, even in steady inflow to the cavitating region, and the small
scale unsteadiness is changing in time and space with the development of the cavitation. In many cases
cavitation acts as a source of local turbulence, typically of quite different properties compared to the
turbulence existing at non-cavitating conditions. This is hardly ideal for application of turbulence models
developed for non-cavitating flow. This assumption is supported by the fact that a turbulence modelling
being adequate for the flow past a non-cavitating foil has to be drastically changed to generate a reasonable
flow at cavitating conditions (Reboud et al., 3rd and 4th Int. Symp. of Cavitation, 1994 and 1998). This
experience was a main reason for an early selection of LES rather than URANS for the study of
possibilities and limitations in cavitation simulation, with a hope to find that fully resolved LES is not
always necessary. Still we are however in the LES, or rather “implicit LES”, mode, although comparisons
are regularly made with URANS, that doubtless can generate relevant simulations in certain applications,
and with much lower computer resources.
     An important basis for the numerical simulation is the experimental experience built up at the
department with focus on large scale cavitation dynamics and development of fast collapsing cavities
generating noise and erosion. By this experience it has been possible to formulate relevant problems in the
numerical work. One such problem is the transformation of an attached cavity into an advected cavity, or
more generally into a transient cavity. Particularly is the focus on shedding of cavities because the
development of internal jets.

From permeability modelling to particle deposition in
human lung: An overview of activities at LTU

T. Staffan Lundström
Division of Fluid Mechanics

Luleå University of Technology

Modelling of flow through porous media has been a main research track at the Division of Fluid Mechanics
at Luleå University of Technology all since the derivation of Gebart’s permeability model in 1992. This
model for parallel cylinders has gained great attention and has been extended to flow through perturbed
arrays as well as arrays with an arbitrary orientation. Even more, an apparent permeability of an idealized
unidirectional reinforcement has been derived for power-law fluid flow perpendicular to the cylinders and
the modelling is currently developed for high Reynolds number flow in connection to inner erosion in
embankment dams. By usage of Computational Fluid Dynamics (CFD) also more complex structures have
been modelled. An example of this is non-crimp fabrics that consists of fibres stitched together in bundles.
The two-scale porosity that results is interesting as such but becomes even more fascinating if the
impregnating fluid contains particles. It may then happen that the particles are filtrated at the boundaries of
the fibre bundles, as visualised by m-PIV, and hence an in-homogenous distribution is obtained.
     CFD modelling is also introduced for drying of iron ore pellets. In this case heated air is allowed to flow
through a bed of  green pellets with high water content and the trick is to carry out this procedure without
breaking the  rather fragile pellets. The flow between the pellets is assumed to be turbulent and it is
interesting to know to what extent variations in local flow velocity result in inhomogeneous drying and
finally a variation in the properties of the dried and sintered pellets.
     Work has furthermore been done when dense fibre suspensions are forced to move in pressing of Sheet
Moulding Compound. Experimental visualisations yield a complex flow and instead of taking a
micromechanical approach inverse modelling is applied with increasing complexity of the rheological
model. Recently, a study on the effects upon inhalation of micro- and nano-particles has been launched. A
multiply bifurcated asymmetric 3D model, extending from trachea to the segmental bronchi has been
developed and initial CFD calculations have been performed. The most critical factor in predicting
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deposition efficiency is particle size, but flow rate also matters. Information on distribution of deposited
particles in every bifurcation unit is provided.

Understanding Steam Explosion Micro-Interactions: Visualization and Analysis
Roberta C. Hansson, Division of Nuclear Power Safety, KTH

Vapor explosion (steam explosion or molten fuel-coolant interaction) is observed when high temperature
liquid comes into contact with cold volatile liquid. In this process, rapid heat transfer between the high
temperature liquid (e.g., molten materials) and cold liquid (e.g., water) produces explosive vapor
generation, resulting in strong shock waves, which provide hydrodynamic loading to the surrounding
system. Hazards associated with energetic large-scale thermal interactions have occurred in steel and paper
plants causing loss of life and property. In nuclear industry, it is one of the important safety concerns for
nuclear containment failure during a postulated severe accident.
     Although substantial research efforts have been made to elucidate the vapor explosion process, the
triggering mechanism of vapor explosions and the subsequent dynamic fine fragmentation during the
explosion progression have not been clearly understood. A few analytical models for such mechanisms
have been proposed and are categorized by thermal and hydrodynamic fragmentation. Yet, there may not be
a single mechanism that governs the fragmentation phenomena, but rather a combination of them.
     With the purpose to improve the qualitative and quantitative understanding of such multi-fluid
multiphase interactions, a synchronized high-speed visualization by digital cinematography and X-ray
radiography was developed at the Royal Institute of Technology. A series of externally triggered single
drop experiments were performed, using tin as the molten material and water as coolant, where the
continuous and simultaneous visualization of the material and interface dynamics was achieved providing
valuable information on the physics of the vapor explosion phenomena.

Choice of Urea-Spray Models in CFD Simulations of UREA-SCR Systems
Andreas Lundström, Henrik Ström & Bengt Andersson

Chemical Reaction Engineering / Competence Centre for Catalysis, Chalmers

The work presented here has investigated droplet-flow interactions in a urea-spray, originating from the
exhaust pipe wall, using commercial CFD software (Fluent). This has been modelled both using a Eulerian-
Lagrangian discrete phase model to capture the behaviour of the entire spray, and using a Volume of Fluid
(VOF) multiphase model to simulate individual droplet behaviour.
     It has been found that the choice of models influences the results from the simulations. The choices
considered have included the different forces in the Eulerian-Lagrangian force balance, models for droplet
distortion and drag coefficient, and the models involved in predicting turbulent dispersion of droplets.
     In an assessment of the various forces acting on the droplets in the exhaust gas stream, it was found that
the most important forces to include in a Eulerian-Lagrangian model are the forces due to gravity and drag.
Other forces are estimated to be of minor importance in the urea-SCR system. Proof for this is obtained
both from comparison with correlations in the literature as well as VOF simulations of single droplets.
     The distortion of the droplets will affect their drag coefficients, which can be accounted for through the
use of a dynamic particle drag law, where the Taylor Analogy Breakup (TAB) model supplies the current
level of droplet distortion. Comparison with VOF simulation results suggests that this approach provides a
satisfactory description of the droplet distortion amplitude and time constant for oscillation. Also the
predicted drag coefficients and drag forces agree well for the two methods.
     Turbulent effects on droplet trajectories are large enough to require modelling. Inclusion of a stochastic
model such as the Discrete Random Walk (DRW) model will help describe these turbulent effects, but also
makes the simulation results sensitive to the quality of the turbulence model’s prediction of the turbulent
fluctuating velocities. Comparison with a Reynolds stress model suggests the DRW model gives acceptable
results if used with the RNG k-ε model for turbulent gas flow in a straight pipe, but that it should be used
with caution for other flow situations.
     The droplets will experience a perceptible change of material properties as the water evaporates and the
urea starts to decompose. The influence of the quality of droplet material data on the predictions by the
various models is therefore discussed.


