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Bubble column reactors are used in many 
technological applications where intense contact between 
gas and liquid phases is desired. The overall performance of 
these contacting and reacting vessels depends strongly on 
the hydrodynamics of the bubbly mixture. An important 
'elementary process' in generating the bubbly mixture is the 
bubble formation and detachment. Due to its complexity 
(nonlinear dynamics, strong coupling between gas and liquid 
phases), many important questions are still open. 

In this work the dynamics of bubble generation process 
is studied by both direct numerical simulations and 
experiments. Formation of air bubbles was investigated by 
2D axisymmetric CFD simulations. We used the 
volume-of-fluid (VOF) model, as it is implemented in the 
commercial flow solver Fluent 6.2. Our interest is in the 
detail dynamics of bubble formation, namely in investigation 
of the synchronous and asynchronous modes of bubbling 
from multiple orifices. We considered the bubble formation 
both form a needle and an orifice on plate above a gas 
plenum. We approached the problem with both the CFD and 
experiment.  

We assume the incompressible liquid phase in the 
numerical simulations. We consider incompressible gas 
phase in some cases (needle), and both incompressible and 
compressible gas in other cases (orifice on plate). We 
expected the compressibility effect at the needle to be much 
less important. 

The experimental measurement was made only for 
study of bubble formation at a needle. The gas flow was 
controlled by a flow meter (Bronkhorst). The air flow rate 
was same as in the CFD simulations. The bubble formation 
process was visualized with the help a digital high-speed 
imaging system (KODAK Motion Analyser, EKTAPRO 
SR-ULTRA-C). The images were converted into the 
standard graphical formats and stored and analyzed in a PC. 

We made comparison of bubble generation process 
found out by numerical simulations and by experiments for 
different air flow rate. We analyzed shape and growth of 
bubbles. We found good qualitative agreement between 
results obtained by experiments and by CFD for higher gas 
flow rate. For small gas inlet we observed some discrepancy 
between the experiments and simulation. Generation of 
bubble was very nonuniform and dynamic process for the 

small air flow rate in the experiments, which was not 
reflected by the simulations. We speculate, the reason may 
be the failure of the incompressibility assumption, and the 
dead volume in tubing in the experiment (not considered in 
CFD). 

We also studied the influence of (i) compressibility and (ii) 
gas chamber volume on the shape and growth of bubbles. 
Following three parameters are shown to characterize bubble 
formation: bubble radius; bubble height and bubble surface. 
Bubble formation is depending on the size of gas chamber, 
as we see in Figure 1. We also found out the effect of 
plenum size is very important.  
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Figure 1: The comparison of bubble formation process 
obtained by CFD for size of gas chamber 10x10 mm (blue) 
and 10x100 mm (red). Air flow rate is Q = 0.1213ml.s-1 and 
inner diameter of orifice is d = 0.89 mm for both cases. 
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Fig.1 Physical concept of 
slug bubble formation 
model 
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1 Introduction 
Recently, the studies on two-phase flow in capillary tube 

have much attention because of its useful applications such 
as micro cooler, heat exchanger and microreactor. 
Particularly, the slug bubble flow mode provides a good 
performance for heat and mass transfer. For design of those 
devices, the control of the two-phase flow pattern must be 
required. It is known that the coalescence and breakage of 
bubbles is often negligible in capillary tube. Therefore, it is 
very important to predict the slug bubble size formed at the 
two-phase flow supply system. 
In this paper, a slug bubble formation model in capillary 

tube is proposed. On the other hand, the effects of gas flow 
rate, nozzle diameter, liquid velocity and capillary diameter 
on shape and volume of bubble formed in capillary tube 
were experimentally investigated. To ensure the proposed 
model, the calculated results were compared with the 
experimental results. 
 
2 Slug Bubble Formation Model 
Fig.1 shows the physical concept of slug bubble formation 

model. The slug bubble formation consists of those 
equations as shown below. 
The pressure balance at any element on the surface of slug 
bubble is described as, 
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The motion of a rising single slug bubble is expressed as, 
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where M' is virtual mass and Us is linear liquid velocity in 
the very narrow channel between slug gas bubble and solid 
wall. 
 The bubble moves on upward liquid flow so that the rising 
velocity was added liquid velocity. 
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where UL and Ug is superficial liquid velocity and superficial 
gas velocity. 
 In this model, above equations are simultaneously solved at 
any element on bubble surface. When the "bubble neck" is 
closed, the calculation finishes. 
3 Experimental 
 The capillary tube has a 0.852mm in diameter and 0.15m in 

height. The liquid is injected into 
the bottom end of the capillary 
tube. N2 gas is introduced from 
the micronozzle which inner 
diameter is 0.295mm. The gas 
flow rate, bubble shape and 
bubble volume during the bubble 
growth were evaluated by image 
analysis using a high-speed 
video camera. 
 
4 Results and Discussions 
Fig.2 shows bubble growth 
curves. The bubble volume 
rapidly increased during the 
early period of bubble growth 
and then it increased 
proportional to the time. The experimental results agreed 
relative well with the present model. When more accurate 
dynamic pressure drop profile around the bubble surface is 
proposed, the final volume of the bubbles estimated using 
the present model must correspond with the experimental 
one. 

 
5 Conclusions 
 The effects of gas flow rate, nozzle diameter, liquid 
velocity and capillary diameter on bubble shape and volume 
were experimentally examined. The experimental results 
agreed relative well with the present model. However, the 
further improvement of the slug bubble formation model 
proposed by this paper must be required. 
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Fig.2 Bubble volume against bubble formation time 
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In the present study axisymmetric numerical calculations 

were used in order to investigate single Taylor bubbles 

distinctive features and liquid flow around the bubbles. The 

tracking of the interface between two phases is accomplished 

by the solution of a continuity equation of the volume fraction 

of the gas phase. 
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We consider a single air Taylor bubbles rising through 

quiescent water in a long vertical tube, which allows it to reach 

a constant drift velocity. This allows us in particular to 

compare the calculated drift velocities with the analytical 

predictions of Davies and Taylor (1949). We study the flow in 

the whole pipe, thus including the upstream region, film flow 

and the wake area in a single numerical model. The 

calculations are performed considering the axisymmetric 

Navier-Stokes equation assuming the whole flow laminar and 

then are repeated applying k-ε standard, k-ε RNG, k-ω standard 

and the Reynolds stress turbulent models. The calculated 

results are compared with the experimental PIV measurements 

of van Hout et al. (2001), measurements of the wall stresses by 

Mao and Duckler (1991) and analytical results of Davies and 

Taylor (1949). The comparisons show that only using the 

Navier-Stokes equation the results agree quantitatively with the 

experimental measurements and with the analytical predictions 

(Fig.1). 

.5

Fig.1. Radial distribution of the axial velocity (Uz) 
components at (D=25mm, H=1.8D, Eö=82,5). 

The axisymmetric model limitations were studied as well. It 

was shown that beyond the certain value of Eötvös number 

based on inner diameter of the tube and on the surface tension   

the Taylor bubble formation and its further behavior strongly 

depend on entrance conditions. 
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Abstract

Slug (or Taylor) flow is a flow regime important for many
applications, as for example, air-lift reactors, flow of im-
miscible fluids in porous media, and monolithic and micro-
chemical multiphase reactors. Among other advantages, the
flow pattern between the bubbles increases mixing, promotes
a more uniform residence-time than single-phase flow, and
the thin liquid film between the bubbles and the tube wall
leads to extremely high heat and mass transfer coefficients
(Kreutzeret al. (2005)). Knowledge about the precise shape
of the bubbles and the resulting variation in the thickness of
the liquid film that separates the bubbles from the channel
wall is of crucial importance for the prediction of heat and
mass transfer rates. This knowledge, however, is difficult to
predict theoretically, especially for non-circular channels and
high Reynolds numbers. Experimental research is also dif-
ficult, especially in monolith and micro-chemical reactors,
where the dimensions of the system are small, leading to an
extremely small film thicknesses. Therefore, Computational
Fluid Dynamics is believed to be a powerful tool in studying
the two-phase hydrodynamics of slug flow in such channels.

Despite its importance, very little work has been done on
3D simulations in square cross-section channels. Due to the
non-axisymmetry of these channels, the flow pattern lead to
secondary flows in the channel cross-section, which are not
present in axisymmetric geometries, and could have an im-
portant effect on the determination of heat and mass transfer
coefficients.

In this work we use a hybrid front-tracking/front-capturing
(cf. Sousaet al. (2004)) method to simulate the flow of liq-
uid slugs inside square cross-section channels. Second order
finite-difference discretizations are employed over a three-
dimensional cartesian staggered grid. The interface represen-
tation employed by our method allows an accurate prediction
of the position of the interface, and therefore, accurate com-
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Figure 1: Secondary flow induced by the bubble atz/D = 2.

putations of the surface tension, which usually dominates this
type of flow, are then obtained.

We present results of a single bubble rising through a
quiescent fluid in a vertical square channel, at moderate
Reynolds numbers. A comparison between circular and
square cross-section channels is made by reporting bubble
velocities and shapes for these two geometries. The velo-
cities in the cross-sections of the channels are also reported,
showing the presence of a secondary flow for the square
channel. We also show that, differently from the axisym-
metric geometries, flow of Taylor bubbles in square channels
lead to an increased wall shear at the corners of the channel,
what is important to take into account in the determination of
heat and mass transfer coefficients.
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Abstract 
 
The flow characteristics of a dispersed multiphase flow, such 
as a bubbly flow and a solid-liquid two-phase flow, are 
influenced by the interactions between the particle or bubble 
and its surrounding fluid, and among the particles, and 
between the particle and a wall.  Therefore, investigation of 
these interactions is important to understand the flow 
characteristic of a dispersed multiphase flow.  In the 
previous work, the author studied a particle-fluid and 
particle-particle interactions by using MOFIA 
(Moving-Object and Fluid Image Analyzer) which consist of 
PIV for velocity measurement and stereo image processing 
for particle behavior.  In the study, the interaction between 
a bubble and the wall is investigated experimentally. 
 
The experiment was done for a single bubble rising near the 
wall of a riser and the bouncing motion of the bubble was 
measured by the stereo image processing in the MOFIA.  
The bubble of about 2 mm diameter moved toward the wall 
by the lift force due to the velocity gradient of the water flow.  
After touching the wall, the bubble bounced and moved 
toward the center of the pipe but again turned to the wall due 
to the lift force.   
 
In the measurement, the three-dimensional bubble shape was 
reconstructed based on the stereo image under the 
assumption of the oblate steroidal shape.  The assumption 
was proper for a bubble affected by a drug force along the 
moving direction from the surrounding liquid.  In the image 
processing, the three-dimensional position and aspect ratio 
(minor axis length / major axis length) of the bubble can  
be obtained.  Furthermore, the orientation of the bubble or 
the direction of the minor axis can be also known. 
 
The experimental results showed the deformation, 
orientation and velocity of the bubble during the bouncing 
process.  Figure 1 shows the typical bouncing motion of a 
bubble based on the measurement.  The bubble shape was 
an oblate spheroid and the minor axis of the bubble was 
parallel to its moving direction before touching the wall, 
which was supposed as the effect of the drag force of the 
water. After touching the wall, the minor axis was not 
parallel to the moving direction.  The aspect ratio changed 
during the bouncing motion. Just after touching the wall, the 
bubble shape approached to the spherical and became oblate 
spheroid again as leaving from the wall.  
 
The bouncing motion was repeated periodically in the 
narrow space near the wall.  The phenomenon was related 
to the energy supply from the lift force due to the water 

velocity.  The restitution coefficient was estimated as one 
or more.  The reason was not clear but the surrounding 
liquid motion was an important role as shown in Fig. 2 
obtained by MOFIA and showing the velocity field around 
the bubble.  Figure 2 shows the upward motion of the water 
at the top of the bubble and also the motion flowing into the 
gap between the bubble and the wall at the bottom of the 
bubble. 
 
As mentioned above, the characteristics of bubble behavior 
bouncing on the wall were shown clearly based on the 
experimental results.   

 

 
Figure 1: Typical bouncing motion of a bubble 

 

 
Figure 2: Velocity fields around a bubble bouncing on the 
wall 
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This paper deals with modification of turbulence structure in 
the liquid phase due to the presence of bubbles and their 
relative motion. The investigations are based on direct 
numerical simulations (DNS) of bubble-driven liquid flows. 
The goal of the performed research was to shed some light on 
the structure and dynamics of pseudo-turbulence in gas-liquid 
flows through evaluation and analysis of the time / space 
correlations of the fluctuating velocity field in the 
continuous liquid phase. 
 
The use of DNS for investigating the energy spectra of 
liquid phase turbulence has significant advantages in 
comparison with commonly used experimental techniques 
because it offers the detailed information on the full 
three-dimensional velocity field and the interface topology 
without restrictions concerning the temporal resolution, flow 
disturbance and the optical accessibility of laser beams. 
Nevertheless, a controversy on the interpretation of the 
power spectrum of liquid turbulence related to the 
discontinuity of the liquid velocity signal due to bubble 
passages remains. 
 
Various approaches have been proposed to bridge over the 
gaps in the liquid velocity signal: 
• Gherson & Lykoudis (1984) suppressed parts of the 

signal indicating gas presence and patched together the 
successive liquid velocity records; 

• Tsuji & Morikawa (1982) replaced the defective parts of 
the signal by straight lines obtained by linear 
interpolation between the liquid signal parts; 

• Wang et al. (1990) replaced the gaps in the signal with 
the values of the mean velocity; 

• Panidis & Papailiou (2000) introduced an indirect 
analytic continuity which essentially presumes that the 
void fraction parts of the signal are filled with segments 
having the same statistical properties as those of the 
continuous phase velocity signal. 

 
As none of the methods proposed up to now has been 
accepted as a definite one, the four aforementioned 
approaches are compared and tested using velocity signals 
obtained from direct numerical simulations. The DNS runs 
are performed by our in-house code TURBIT-VOF which is 
based on the volume-of-fluid method with a piecewise linear 
interface reconstruction scheme. 
 
The flow configuration considered consists of a regular 
sequence of ellipsoidal bubbles rising rectilinearly in the 
centre of a plane vertical channel. The spectra are computed 
from the temporal vertical velocity and void fraction signals 
at a mesh cell located in the centre of the channel. For 

comparison, the spectrum obtained using the vertical 
component of the continuous center-of-mass velocity of the 
two-phase mixture in the mesh cell is also shown in Figure 1. 
We find that the method of Gherson & Lykoudis (1984) 
significantly overestimates the dominant frequency in 
comparison to all the other methods. Except of the low fre-
quency part, the spectrum obtained by the method of Tsuji & 
Morikawa (1982) is very close to that obtained for the 
center-of-mass velocity of the two-phase mixture. The 
spectrum calculated by this method strongly depends on the 
length of the time interval considered. The methods of 
Panidis & Papailiou (2000) and Wang et al. (1990) gave 
similar results, but the former one should be preferred since 
it showed weaker sensitivity on the time interval length. 

 

 
Figure 1. 

 
The effects of void fraction on pseudo-turbulence power 
spectra are currently investigated considering liquid flow 
induced by the rise of mono-disperse swarms of ellipsoidal 
bubbles. The results will be presented in the full paper. 
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Issues connected with the presence of a vertical wall 
and bubble movement around it are important in two-phase 
flows analysis. There is no sufficient experimental data on 
the flow resistance of gas bubbles near vertical walls as well 
as mathematical description of that problem is incomplete. 
Hence the aim of present work is investigation focused on 
accurate experimental verification of forces acting on a 
model of a bubble flowing along the wall. In the present 
study the bubble is represented by a solid sphere suspended 
on a thin string. It is acknowledged that bubbles in motion 
near the wall exhibit some more specific patterns of motion, 
however, the authors are convinced that the presented model 
of a bubble motion captures at least a qualitative behaviour 
of a bubble in the flow and will compliment understanding 
of transverse force balance on the bubble. In general, the 
wall causes the bubbles to slow down, both in the parallel 
and the transverse direction with respect to wall alignment.  

In order to measure forces acting on the bubble an 
experimental rig, shown in Fig. 1, was designed and 
assembled. The rig consists of water vessel with vertical glass 
plate simulating the wall, sphere (the bubble model), 
suspended on the thread, aluminium wheel, velocity and 
acceleration measurement device, gravity-hydraulic constant 
velocity driver, positioning equipment of the glass plate, 
distance sphere-plate scale, sphere deflection sensor, data 
acquisition set, digital camera.  

 
Experiments showed, that the sphere trajectory depends on 
the sphere initial position y0, that is the distance in horizontal 
direction. If the sphere, in the initial time, is located very 
close to the wall, then the trajectory encounters biggest 
deflection during the rising. It is a clear evidence of repelling 
force from the wall. This effect lessens with increasing initial 

distance between the sphere and the wall and finally 
disappears for initial position exceeding 1.5 sphere diameter. 
Observation using two digital cameras in perpendicular 
position to each other shows, that the sphere moves in a 
zigzag fashion, i.e. experiences deflection in XY plane, 
whereas in the other plane it shows linear motion. These 
observations were taken into consideration in development of 
mathematical model describing the wall influence on single 
bubble motion. Experimental tests were carried out for sphere 
diameters D = 30, 40 and 50 mm. Data for Reynolds number 
ranging from 600 to 1800 were collected. Obtained 
experimental results have been confronted with correlations 
due to Antal (1991) and Tomiyama (1998). A good 
consistency between correlations taken from literature and 
mathematical model confirms the appropriateness of 
assumptions used in the study. Data collected in the course of 
experiments has been reduced to yield a general form of a 
correlation, which enables determination of the “wall effect”: 
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Diagram shown in Fig. 2 shows the correlation between the 
“force effect” and initial position of the sphere y0. 
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 1 – frame 
 2 – water vessel 
 3 – sphere (the bubble model) 
 4 – steel string 
 5 – velocity adaptor 
 6 – wheel 
 7 – tensometric beam 
 8 – mass (hydraulic piston) 
 9 – cylinder filled oil 
10– vertical glass plate 
11– positioning equipment 
12– flexible suspension 
13– distance sphere-plate scale 
14– sphere deflection sensor 
15– data acquisition set Figure 2:  Correlation between the “force effect” and initial 

position of the sphere y0. 
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Recently, microbubbles with the diameter of less 

than several µm are utilized in medical field such as contrast 
agent to ultrasound diagnostics and micro capsules for drag 
delivery systems. Characteristics of energy conversion of 
microbubbles are different due to its physical property. For 
instance, it’s known that kinetic energy by ultrasound is 
almost converted to thermal energy in case of Ar gas 
microbubble, on the other hand, it’s converted to acoustic 
energy in case of SF6 gas bubbles due to their specific heat 
ratio. It’s indicated that the appropriate inside gas of 
microbubbles for different applications are necessary. The 
microbubbles have been already used as contrast agents, 
although the knowledge of the suitable combination of 
constituents of bubbles, which are gas and surfactant (or 
shell) for stable existence of bubbles in liquid, and 
generating techniques of microbubbles have not been 
established yet.  

We propose a simple microbubbles generator 
using a microchannel. In liquid-liquid two phase flow, 
former researchers realized to generate microcapsules or 
drops by using the shear flow in a microchannel (Thorsen et 
al. 2001, Anna et al., 2003), although in gas-liquid two phase 
flow, few research discussed the predominant factor to 
control bubble size (Garstecki et al. 2006). Our final goal is 
to generate microbubbles with diameter of several µm with 
different property of components of gas and surfactant by 
the present system.  

A microchannel is constructed with main and two 
branch channels. Two branch channels are connected 
perpendicular each other, and one of them is connected 
perpendicular to the main channel, both of which have the 
width and the depth of several tens of µm as shown in 

Figure 1. Microbubbles are pinched off from the gas phase 
by liquid flow at the T-junction of the branch channels. 
Generated microbubbles were observed by high speed 
camera and the effect of pressure inlet gas pressure and 
liquid flow rate on the diameter of generated bubbles were 
investigated.  
 Finally, in a microchannel with T-junction, 
mono-dispersed microbubble can be generated. The smaller 
pressure difference was, the smaller bubble diameter became. 
And the faster liquid velocity was, the smaller bubble 
diameter became. When the bubble is generated at the 
T-junction in a main channel in the present study, minimum 
diameter of generated bubbles is affected by the hydraulic 
equivalent diameter of gas injection. The minimum diameter 
attained in the present study was 13.7 µm 
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Figure 2: Correlation between liquid velocity  
and the diameter of generated bubbles. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Schematic of a microchannel. 
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Abstract 
 

A numerical scheme for bubble trajectories including their collisions is developed.  An Eulerian-Lagrangian computational 

scheme is used to study the bubble trajectories.  The 3D averaged Navier Stock equations are solved.  The SIMPLEC 

algorithm is used to relate the pressure to velocity.  A one-way coupling is assumed and the effects of the bubbles on the 

carrier flow are neglected.  The bubble equation of motion includes the drag, buoyancy, pressure gradient, Saffman lift and 

bubble volume change forces. The variation of the bubble radius is modelled using the Rayleigh-Plesset equation. The 

Kraichnan model is used to simulate the instantaneous turbulence fluctuation velocities. The hard sphere collision model is 

used to model the bubble collisions and the effects of bubble rotations are neglected.  Trajectories of micro-bubbles in the 

near wall region are investigated, and the rate of collisions and the bubble deposition rate are studied.  The results are 

compared with other simulations and good agreement is observed. 
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Abstract
Employing domain perturbation analysis with respect to the
interfacial boundary conditions we consider the interaction
of two gas bubbles in a dielectric liquid under the action of
a spatially and temporally uniform electric field. For each
bubble there are five boundary conditions to be applied at
their respective surfaces and are; the continuity of the tan-
gential component of the electric field; jump condition on the
normal component of the electric field; conservation of free
charge; kinematic boundary condition and the normal stress
balance. The electric field in both phases is assumed to be ir-
rotational and solenoidal thus permitting an electric potential
based approach. The motion of the liquid is also assumed
to be irrotational and hence a velocity potential function is
used. Constraining attention to axisymmetric deformation
and translation, all three potentials are expressed in terms of
Legendre polynomials, for example the velocity potential �
of the � th bubble is

���
	�������������� ��
�����

� � �	 ���� � ! � �#"�$&%'���#�
( ��
�����

��
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(.- ��/+0/ - /21
�43 )576 �� 98 	 �5;: � ! � �
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where �,	?��@�����AB�#� is the spherical polar coordinate system
measured relative to the � th bubble centre, �C�ED and FG�IH
or �J�KH and FL�MD and

5
is the distance between the centre

of the two bubbles. The coefficients
� � � , �43 ) are determined

by application of the kinematic boundary condition on both
bubble surfaces. Each bubble surface is also decomposed in
terms of Legendre polynomials as is the induced charge.

Upon conducting the perturbation analysis, equations gov-
erning the volume oscillations, axisymmetric translation,

shape deformation and respective interfacial charge density
components of each bubble are determined. Examination of
this coupled ordinary differential equation system reveals the
dependence of the size of the shape deformation on the sepa-
ration distance between the bubbles. Numerically solving the
pertinent system we examine the resultant nonlinear dynam-
ics of the two bubbles under the action of the electric field for
given nondimensional parameter sets.
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This work is focused on the behavior of bubbles rising 
in chain and on the particular case of one-dimensional 
structure where hydrodynamic interactions are also 
important, the bubbles in tandem. 

 Previous studies about bubble-bubble interaction at 
intermediate Reynolds number (~101-102) were dedicated to 
the case of two bubbles. The application of the potential 
theory approach by Van Wijngaarden (1993) resulted in an 
unstable state for the vertical arrangement. Harper (1997) 
solved analytically the problem of two bubbles in the 
vertical alignment and found a stable equilibrium separation 
between bubbles. Further he expanded that result to an 
infinite chain of bubbles. Yuan & Prosperetti performed a 
numerical calculation of two bubbles in tandem at 
intermediate Reynolds number and found also a stable 
separation between bubbles. Ruzicka (2000) created a model 
of bubble chain based on this stable separation condition. 
This model depicts the complex dynamics inside the bubble 
chain. However, there is a lack of experimental results on 
the dynamic of bubbles rising in line at intermediate 
Reynolds number.   

 In our experiments, bubbles were produced using a 
special device – bubble generator (Vejrazka et al. 2006). 
This device enables the control of the number of bubbles, 
the bubble volume, and the initial distance between bubbles. 
Ultra-pure water and aqueous solutions of glycerol were 
used as liquid phase and clean air was used as gas. The 
experimental column was a small rectangular cell (110 x 
110mm cross-section), made of glass. The bubbles were 
illuminated by back light. Pictures were taken by digital 
single-lens-reflex camera. The sequence of pictures was 
processed in MATLAB using the Image Processing Toolbox.        

Analysis of the image processing results show that the 
shape of the bubbles was spherical for all experiment The 
terminal velocity agree with theoretical results for bubble 
with clean surface, hence bubble surface may be considered 
with free-slip condition. The Reynolds number based on 
equivalent bubble diameter and single bubble terminal 
velocity was in the range 20 < Re < 100. By visual 
observation we concluded that at low Re, bubbles in chain 
attract each other, resulting in coalescence (Fig. 1a). And at 
higher Re value the bubbles swing out from in-line 

arrangement in the chain in a ‘zigzag’ way (Fig. 1b).                
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
Figure 1: Different behavior of bubble chain at different 
Reynolds number (ultra-pure water). 
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Abstract

It is known that, in a linear shear flow, inertia causes a par-
ticle to rotate more slowly than the surrounding fluid. Exper-
iments performed with a sphere fixed, but free to rotate, in a
fluid undergoing solid body rotation indicate that the angular
velocity of the sphere can be larger than that of the flow. Nu-
merical simulations at moderate Re confirm this observation.
To gain a better understanding of the phenomenon, the flow
is decomposed into a stream-wise and a cross-stream shear
component. The individual effects of these flow components
on the sphere rotation rate are investigated numerically. It is
found that the cross-stream shear has a much stronger effect
on the particle rotation rate than the stream-wise shear. For
Re = 20 and 50 a linear addition of the effects on particle ro-
tation of the stream-wise and cross-stream shears yields the
rotation rate of the particle in a solid body rotation flow and
when the effects of the two shear types are subtracted, the
particle rotation rate for a strain is found.

In the experiments a particle is inserted in a horizontally
rotating cylinder (figure 1). If the particle density is smaller
than the fluid density, the particle will find an equilibrium
position away from the cylinder center where all forces bal-
ance (Lohse & Prosperetti (2003)). By marking the particle
the particle rotation rate can be measured. When the particle
is more than about 1 particle radius away from the cylinder
center, it will rotate faster than the surrounding flow.

j

w

r

x

y

z

Figure 1: Experimental configuration of a sphere in solid
body rotation. Gravity is in the negative y-direction.

The numerical results are obtained by using the Physalis
method (Zhang & Prosperetti (2005)). Here the flow near
the particle in the reference frame of the particle is approxi-

mated by the Stokes equations and the solution is matched to
a finite difference solution on the rest of the grid. The particle
is fixed to a position, but allowed to rotate. The situation is
tested for several types of flow, amongst which a linear shear
flow, a cross stream shear, a straining flow and a solid body
rotation. For the last also the effect of rotation on the lift co-
efficient is investigated. For a linear shear flow several other
results are known, for example Lin et al. (1970); Bagchi &
Balachandar (2002). To the best of the authors knowledge
there are no other results that show the rotation of a sphere
to increase with inertial effects for a sphere in solid body ro-
tation. The simulation results for particle rotation rate in a
solid body rotation flow are shown in figure 2.
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Figure 2: Normalized particle rotation rate for a flow in a
solid body rotation flow as function of the Reynolds number.
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Aerosols in the ambient environment have been a 
health concern for decades. While most of the previous 
study was focused on the spherical particles, elongated 
particles and fibers are frequently encountered in the 
environment. To better evaluate the health risk of human 
exposure to these pollutants, and to plan to mitigate their 
adverse effect, a detailed understanding of how these 
elongated particles respond in various ambient 
environmental conditions is needed. 

There have been a number of earlier studies on fiber 
transport and deposition as is summarized by Jeffrey (1992) 
and Fan and Ahmadi (1995).   The present study is focused 
on providing an understanding of the motion of the 
elongated ellipsoidal fibers in a laminar shear flow fields.  
A computational model that resolved the coupled 
translational and rotational motion of fibers was developed. 
The model is capable of providing detailed information 
about the behavior of fibers that are entrained in the airflow.  
The fiber transport and deposition was found to be affected 
by airflow conditions, fiber geometry (diameter and aspect 
ratio), and the particle-to-fluid density.  A series of 
simulations of ellipsoidal fiber transport and deposition in a 
duct flow were performed.  

An experimental setup was also developed and 
deposition of glass fibers was measured. A classifier was 
developed and used to generate fibers with different aspect 
ratios.  The model predications were compared with the 
experimental data and good agreement was observed. It was 
found out that the flow shear rate, the fiber aspect ratio, and 
the particle-to-fluid density ratio are important factors 
controlling the motion of the fibers.  It was also found that 
the computational model needs to account for the duct flow 
entrance effect to provide physically realistic predications. 

Evaluating an effective equivalent diameter or 
relaxation time for fibers is rather challenging.  Several 
commonly used equivalent diameters were studied, and their 
capabilities for effective characterization of motion of 
ellipsoidal fiber particles in the laminar flow were tested. 

A case study of the ellipsoidal fiber particle transport 
and deposition in a circular bend was performed to show the 
application of the method to passages with arbitrary 
dimensions. 
 Figure 1 shows the schematics of an ellipsoidal 
particle.  Sample fiber particle trajectories and orientations 
in a laminar duct flow in the presence of gravitational 
sedimentation are shown in Figure 2.   

 
 

Figure 1: Elongated ellipsoidal fiber particle. 
 

 
 

Figure 2: Ellipsoidal fiber particle trajectories in a duct 
flow. 

 
Figure 3 compares the model predictions for fiber deposition 
in a pipe with the corresponding experimental data.  It is 
seen that the simulation results are in qualitative agreement 
with the experimental data. 
  

 
 
Figure 3: Comparison of predicted fiber particle deposition 

in a horizontal pipe with the experimental data. 
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Abstract 
 
The drag of a non-spherical particle was reviewed and investigated for a variety of shapes (regular and irregular) and particle 
Reynolds numbers (Rep).  Point-force models for the trajectory-averaged drag were discussed for both the Stokes regime 
(Rep«1) and Newton regime (Rep»1 and sub-critical with approximately constant drag coefficient) for a particular particle 
shape.  While exact solutions were often available for the Stokes regime, the Newton regime depended on: aspect ratio for 
spheroidal particles, surface area ratio for other regularly-shaped particles, and min-med-max area for irregularly shaped 
particles.  The combination of the Stokes and Newton regimes were well integrated using a general method developed by 
Ganser (developed for isometric shapes and disks).  In particular, a modified Clift-Gauvin expression was developed for 
particles with approximately cylindrical cross-sections relative to the flow, e.g. rods, prolate spheroids, and oblate spheroids 
with near-unity aspect ratios.  However, particles with non-circular cross sections exhibited a weaker dependence on 
Reynolds number, which is attributed to the more rapid transition to flow separation and turbulent boundary layer conditions.  
Their drag coefficient behavior was better represented by a modified Dallavalle drag model, by again integrating the Stokes 
and Newton regimes.  This paper first discusses spherical particle drag and classification of particle shapes, followed by the 
main body which discusses drag in Stokes and Newton regimes and then combines these results for the intermediate regimes.  
Based on this review, a series of theoretical models and empirical correlations are put forth, all of which have limits of 
applicability. 
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Free-fall experimental data for various particle shapes in 
terms of normalized drag coefficient and Reynolds 
number with fits for both approximately circular and 
non-circular cross-sections.  The inset plot shows the 

conventional relationship between CD and Rep without 
normalization. 
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Abstract 
 
Results of experimental and theoretical investigations of 
deposition of fine solid particles from two-phase flow in the 
laminar flat-plate boundary layer are presented. The 
objectives of the given investigations were to study the 
influence of parameters of the flow and the adhesive 
properties of particles and surface on the deposition 
properties of particles and quantitatively estimate the 
amount of the deposited particles. 
The streamflow velocity was 1.5 and 3 ms-1. 
Electrocorundum powders with the particle size of 12, 23 
and 32 µm were used as the dispersed phase of the 
two-phase flow. The bulk density of the dispersed phase was 
0.01 kgm-3. Stainless steel flat plate of 0.5 m length was 
used as the model for the investigations. 
The local air axial velocity and the particles mass 
concentration inside the laminar boundary layer were 
measured by the laser Doppler anemometer and the laser 
concentration measurer elaborated by Hussainov et al. 
(1995). The amount of particles deposited from the flow at 
the surface was measured by the weighing method described 
by Hussainov et al. (1998). 
The centrifugal technique was used to examine the pair 
“particle-surface” for the adhesive characteristics of the 
deposition process. The results exhibited the typical 
log-normal distributions of the dependence of the 
deposition/adhesion process.  
An overall expression for the deposition particle flux was 
derived. The expression includes the normal to the surface 
velocity of the particles, the particle mass concentration 
observed immediately close to the surface of the plate and 
the probability function of the entrainment of particles by 
the surface of the plate. 
The hydrodynamic properties of the dispersed phase in the 
vicinity of the plate surface, namely the normal velocity and 
the particle mass concentration, were calculated by the 
mathematical model of the flat-plate laminar boundary layer 
elaborated by Hussainov et al. (1995). 
The validation of the proposed method for prediction of 
deposition was accomplished by comparing the deposition 
particle flux calculated along the plate with the obtained 
experimental data. Figure 1 shows the comparison between 
the numerical and experimental distributions of the 
deposition flux along the plate obtained for the streamflow 

velocity of 1.5 ms-1. A small discrepancy between the 
numerical and experimental results was observed, which 
may be attributed to neglecting the microphysics of 
adhesion, such as the influence of the electric charges and 
humidity during the experiments. 
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Figure 1: Comparison of the calculated and the 
experimental particle deposition fluxes for a flow velocity 

∞U =1.5 ms-1. 
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Abstract 
 
Nano-particles suspension in ambient air occurs in 
environments, particularly in industrial settings.  In addition, 
many therapeutic drugs are generated in the form of 
nano-particles with the intension of being administered to 
patient by inhalers for treatment of lung diseases and other 
illnesses. Knowledge of particle transport behaviour in 
human respiratory system helps the physicians to properly 
assess the needed dosage for recommendation to their 
patients. 
Cheng et al (1999) used a cast of human respiratory system 
from an adult cadaver for measuring the fraction of 
micro-particles deposition in upper oral airways. 
Zhang and Klienstreuer (2003) compared several k -ε and 
k−ω turbulence models including their low Reynolds number 
version and concluded that the low Reynolds number k −ω 
model is most suitable for handling the transitional and fully 
turbulent flows in the upper oral airways. Using an 
Eulerian-Eulerian approach, Zhang and Kleinstreuer (2004) 
also studied the transport and deposition of nano-particles.  
The LRN k −ω model, however, is not capable of predicting 
the anisotropic nature of turbulent flows and particularly the 
strong gradient fields of velocity near the boundaries. 
Zahmatkesh et al. (2006) used the Launder-Reece-Rodi 
(LRR) model that can capture the anisotropic turbulence 
intensities and studied the transport of micron-size particles 
in the upper airways. 
This paper is focused on analyzing airflow and nano-particle 
transfer in the upper oral airways (oral cavity, pharynx, 
larynx and trachea) in human respiratory system. Human 
upper oral airways have rather complicated, 3D geometry 
with irregular cross sections that makes the numerical 
simulation challenging. Due to the complexity of the airflow 
field, a stress-transport turbulence model was used in the 
analysis. Stress-transport closure model is capable of 
capturing the anisotropy of turbulent flow in the upper 
airways that is studied its effect on particle transport and 
deposition.  A 3-dimensional form of the distortion and the 
distributions of anisotropy in human oral airways were 
simulated.  It was shown that in neighborhood of walls and 
near the latter part of oral cavity, in pharyngeal bend and 
downstream of trachea the turbulent airflow is highly 
anisotropic.   
Nano-particle transport and deposition in the oral airways 

was then analyzed.  Typically, the mass fraction of 
nano-particles in the inhaled air is very small and continuum 
assumption is not valid; thus, a one-way coupled mass 
transfer with Eulerian-Eulerian approach was employed for 
simulating particle mass transport and deposition. It was 
shown that the fraction of deposited nano-particles decreases 
as particle size increases. As Brownian motion is the 
dominant mechanism of nano size particles distribution, the 
turbulent flow rate and its anisotropy do not affect on 
deposition fraction of these particles significantly. 
Figure 1 shows the concentration distribution of particles in 1 
and 3 nanometer diameters for flow rate of 15 lit/min. 
 
 
 
 
 
 
 
 
 
 
 
 

             (a) 1nm                 (b) 3nm 
Figure 1: concentration distribution of 1 and 3nm particles 
with flow rate of 15lit/min 
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Abstract 
 
In dispersed two-phase flows, the particle size is probably 
the most important parameter in determining the particle 
dynamics. Interphase forces, heat and mass transfers are all 
functions of the particle diameter. Diameters of the particles 
are unlikely to be uniform and for droplets and bubbles they 
can change continuously due to breakup and coalescence. 
Methods of moments have been used very successfully in 
modeling particle size distributions in dispersed two-phase 
flows. The  model described in this paper is based on 
the method of moment. It also contains advanced models for 
droplet breakup and coalescence.  

γS

 
For breakup, the model considers the balance between 
disruptive forces (due to shear and turbulence) and restoring 
forces (due to surface tension) on the droplet. In laminar 
flows the viscous effects dominate hence we named this 
regime “viscous breakup”. In turbulence flows the 
interactions with turbulence eddies dominate and we named 
this regime “inertia breakup”. For coalescence, the model 
considers the probability of collisions of the droplets, the 
contact time of two colliding drops and the drainage time of 
the liquid film between the drops. Similar to the breakup 
model, we have the “viscous collision” regime in laminar 
flows and the “inertia collision” regime in turbulent flows. 
The drainage time is a function of the state of the droplet 
surface, whether it is fully or partially mobile or totally 
immobile. The model therefore considers the breakup and 
coalescence processes in great details. The model 
described was implemented in the Eulerian multiphase flow 
model in the commercial CFD software, STAR-CD. 
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The model was validated against the oil-water pipe flow 
experiments of Simmons and Azzopardi (2001). In the 
experiments oil (kerosene) flows along a 4.5m long pipe. 
Water droplets were introduced into the flow through a 
porous section of the pipe wall. Two optical methods were 
used to measure the droplet size distribution at the end of the 
pipe.  
 
The Eulerian two-phase flow model together with the 

model in STAR-CD were used to model the oil-water 
pipeline experiment. It was found that droplet breakup was 
strongest near the pipe walls since turbulence and velocity 
gradient were strongest there, see Fig 1. Since horizontal 
pipe flow was considered, some settling of the water 
droplets (the heavier phase) was observed as in the 
experiments. The predicted droplet size distribution was 

found to be relatively insensitive to the initial droplet 
diameter specified at the pipe inlet. The measured and the 
computed droplet size distributions at the pipe exit were 
compared in form of cumulative distribution curves, Fig 2. 
The comparison only provides an indication of the results 
obtained, since the measured values were taken at the pipe 
centre averaged over time, and the computed curves is 
obtained for the pipe cross section at exit. 

γS

 

 
Figure 1: Droplet size distribution at pipe exit 
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Figure 2: Measured (symbols) and predicted (lines) 
cumulative distribution curves 
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The main objective of this research was to develop a 

realistic model to use in a fluidized bed of solid particles to 
predict the extent and mechanism of granule attrition during 
particle-particle collisions. To this end, the ring thickness as 
well as the dynamical evolution time scale of the rings in 
outer space, such as those of Saturn, was thoroughly 
analyzed. The aforementioned systems are basically 
determined by the collisional dynamics between the rings. 
The rings are mostly composed of ice particles ranging from 
centimeters to meters in size (Marouf, et. al., 1983). Several 
experiments were made by Bridges, Hatzas, and Lin  (1984) 
in order to measure the coefficient of restitution for ice 
particles. The experimental system, as illustrated in Fig. 1 (a), 
consists of an ice ball, which strikes a stationary block of ice. 
Bridges et. al. (1984), reported a plot of the coefficient of 

restitution as a function of impact velocity, impV , at several 

different temperatures, as shown in Fig. 1 (b). Notice that 
determining an e V− relation is important in examining of 
the viscous stability of granular flows. One particularly 
troublesome aspect of the experiments in Bridges et. al., 
(1984) is fracture of the ice ball (which is a brittle material) 
during a collision. Thus any theoretical analysis of the 
system as depicted in Fig. 1 must include the probability of 
fracture of the ice ball during a collision.   
Figure 1: (a) Schematic of the experimental system in 

Bridges et. al., (1984). (b) A plot of the coefficient of 
restitution, e , as a function of impact velocity, impV .       

In the present study the collisional properties of the 
ring’s ice particles are investigated using a Finite Element 
approach. It is found that a major challenge in modeling 
collision of the ice balls is the prediction of the onset of 
fracture and crack propagation (Collins 1993 and Freund 
1998) in them. In simulations of a single ice ball collision to 
a flat block (as illustrated schematically in Fig. 1) it is crucial 

that fracture is determined correctly, as it will influence the 
collisional properties of the ice particles. The results of the 
simulation, considering fracture criterion implemented into 
the finite element model (Zamankhan and Bordbar 2006, and 
Zamankhan and Huang 2007) together with a material model 
for the ice, imply that most of the kinetic energy dissipation 
occurs as a result of fracturing at the contact surface of the 
ice particles. 

 
Figure 2: (a) 3-D model and some nomenclatures. (Inset) 
The contact normal and shear stresses in a collision between 
an ice ball and the block of ice. (b) Local coordinates at a 
crack front. (c ) Dynamic crack propagation.   
 

The results obtained in the present study suggest that 
models such as those proposed by Brilliantov, Spahn, 
Hertzch and Poschel (1996) for collisions of ice balls are 
highly questionable (Zamankhan 2008).      
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During the course of a hypothetical severe accident in a 
Pressurized Water Reactor (PWR), hydrogen can be 
produced by the core oxidation and distributed into the 
whole containment. In order to assess the risk of detonation, 
spray systems can be put at the top of the containment to 
ensure a mixing of the atmosphere, to reduce the total 
pressure, to cool down the containment walls, and to 
wash-out the eventually existing fission products present in 
the air. The efficiency of the spray system depends on the 
evolution of the droplet size distribution with the height in 
the containment, depending on gravity and drag forces, heat 
and mass transfers with the surrounding gas, and droplet 
coalescence. Spray system in reactor applications are 
composed of over 500 interacting water droplet sprays. 
Droplets are between 100 and 1000 µm large, and are used 
under 2-3 bars pressure at temperature between 20 and 
60 °C, and under gaseous mixture composed of water steam, 
hydrogen and air.  
 
In this poster, special care will be given to the water droplet 
coalescence. According to the literature (Qian and Law 
1997), five collisions regimes can be pointed out: 
coalescence with minor deformation, bouncing, coalescence 
with major deformation, reflexive deformation and 
stretching separation. In most of the studies, the collision 
process is characterized by three parameters: the Weber 
number We, the impact parameter I and the diameter ratio ∆, 
which depend on the large and the small droplet diameter dl 
and ds, the droplet relative velocity V, the water density ρ, 
the surface tension coefficient σ and the dimensional impact 
parameter δ:  

 
 

 
These parameters are used to determine the transition curves 
between all binary collision outcomes. According to Orme 
(1997), most of the studies concern fuel droplets for Weber 
numbers lower than 250. Only few studies concern water 
droplets. Ashgriz and Poo (1990) worked, under ambient 
conditions, with droplets between 100 and 500 µm diameter, 
diameter ratio of 0.5, 0.75 and 1 for a Weber-number range 
of 1 to 100 and an impact parameter between 0 and 1, which 
corresponds to low droplet velocities and collision angle. 

The purpose of the present work is to extend the previous 
results on water droplet coalescence by studying a wider 
range of parameters typical for reactor conditions. An 
experimental set-up has been developed at the IRSN that 
allows to study binary water droplet collision. The objective 
is to have a whole description of collision outcomes for a 
large field of Weber numbers and diameter ratios. Water 
droplets from 200 and 700 µm diameter are used. Droplet 
velocities are between 1 to 19 m.s-1, and droplet collision 
angles between 10° and 95°. Ongoing experiments allow us 
to characterize behaviour of water droplet collisions for We 
from 10 to 3000, and for ∆ from 0.3 to 1, taking into account 
the huge difference between droplet characteristics at the top 
of the reactor containment. Special care is given in our 
experimental studies to the uncertainty estimations. Results 
show that for higher Weber numbers, i.e. larger than 600, 
some new collision outcomes appear. Especially for low 
impact parameters, “splashing” and stretching with fingers 
outcomes had been observed, according to the last results of 
Roth et al. (1999) for iso-propanol droplets study. An 
analysis of liquid properties influence, for those high Weber 
number collisions, has also been conducted, comparing 
results for iso-propanol and water in Roth et al. (2007). 
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Abstract 
 
The effect of wall roughness is known to be particularly 
important in confined gas-particle flows, as it leads to 
irregular particle bouncing and significant momentum 
redistribution in the wall normal direction. In Eulerian 
models, the particle-wall interactions need to be described by 
a set of boundary conditions expressing the second and 
third-order moments of the particle velocities in order to 
close the transport equations. Simonin et al. (2004) 
developed such boundary conditions under the assumption of 
perfect collisions, weak roughness and negligible shadow 
effect. In this work, the effect of wall roughness is 
investigated by defining equivalent friction and restitution 
coefficients, making it possible to extend the set of wall 
boundary conditions as established in the smooth wall case. 
For the model validation, particle statistics at the wall are 
computed by simulating a large number of particle-wall 
impacts with a prescribed distribution of the incident velocity. 
Then, the proposed boundary conditions are evaluated in the 
case of a particle-laden channel flow through comparison 
between our Eulerian predictions, Lagrangian predictions of 
Carlier et al. (2005) and available experimental data of 
Khalitov and Longmire (2003).  
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Figure 1: Profiles of dimensionless particle mean velocities. 
Lagrangian simulations (£), Eulerian computations for 
smooth wall with perfect bouncing (�) or inelastic and 
frictional bouncing (r) and for rough wall with the present 
model (v). Experiments (�). 
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Figure 2: Profiles of dimensionless rms velocities. Same 
caption as Fig. 1, with open symbols for the streamwise 
direction, grey symbols for the spanwise direction. 
 
 
Examples of result are presented in Fig. 1 and 2, where the 
dimensionless particle mean velocities V+ and the 
dimensionless rms velocities v+ are displayed versus wall 
distance y+ (in wall units) for one particle diameter, namely 
20 µm. Good agreement was obtained between our results 
and those from other works. The numerical predictions are 
significantly improved when the proposed rough wall 
boundary condition model is used in the Eulerian 
computation compared with the case of smooth wall 
boundary conditions. 
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Particle-laden swirling flows are encountered in 

atmospheric environment and in a number of engineering 
applications such as energy conversion and propulsive 
devices using solid or liquid fuels. It is therefore of great 
importance to understand and precisely predict the effect of 
the swirl on particle diffusion behavior. 

With the advantage of powerful supercomputers, 
numerical simulations such as Direct Numerical Simulation 
(DNS) and Large-Eddy Simulation (LES) have become 
viable tools for investigating particle-laden swirling flows. 
Although there are many previous studies on the particle 
diffusion in swirling flows, they are limited to coaxial jets, 
in which central primary air is straightly issued with 
particles and outer secondary air is swirled without particles. 

The purpose of this study is, therefore, to clarify the 
effect of swirl on particle diffusion in a simple axial swirling 
jet by means of LES. 

The schematic of the computational domain is shown 
in Figure 1. The computational domain is -1 < x/R0 < 15，0 < 
y/R0 < 5，and 0 < θ < 2π. The governing equations for the 
gaseous phase were the conservation equations of mass and 
momentum. The particles were tracked individually in a 
Lagrangian manner (Michioka et al., 2005). For the inflow 
boundary condition at x/R0 =-0.5, 'inflow database' generated 
by performing a computation of a fully developed swirling 
turbulent pipe flow with the different swirling numbers was 
used (Pierce & Moin, 1998). The particles with 
mono-diameter of dp =10, 100 or 500 μm were injected 
uniformly into the swirling jet at x/R0 = -0.5. The momentum 
exchange between fluid and particles was omitted because 
the volume fraction of the dispersed particle is very small. 

Figure 2 shows the radial distributions of particle 
number density and the distributions of particles and 
streamwise velocity for the case of larger particle of dp = 500 
μm. The particle number density, np, is normalized by the 
cross-sectional averaged particle number density at x/R0 =0, 
np0, and the radial axis, r, is normalized by the jet half width, 
b. The peak of the particle number density for the case of 
smaller particle is located on the central axis, but its location 
is shifted by the centrifugal force as the particle size 
increases.  

It is also found that the particles tend to diffuse inward 
in the downstream region regardless of the particle size, and 
the trend is marked for the case of smaller particle. The 
reason can be explained by a power spectra analysis of 
Reynolds stress (the details are not mentioned here). The 
schematic of the turbulent motions and their influence on the 

particle motions are shown in Figure 3. The inward 
movement of particles in the downstream region is 
dominated by the inward turbulent motions, which are 
relatively smaller than the outward turbulent motions in the 
swirling jet. Therefore, compared to the larger particles, the 
smaller particles are easily transported to the central region. 

 
 

 
 
 
 
 
 
Figure 1: Schematic of computational domain. 
 
 
 
 
 
 
 
 
 

 
Figure 2: Radial distributions of the particle number density 
at x/R0 =5 and 10 (left), and distributions of particles and 
streamwise velocity for the case of dp = 500 μm (right). 

 
 
 
 
 
 
 
 

Figure 3: Schematic of particle trajectories in particle-laden 
swirling jet 
 
References 
Michioka, T, Kurose, R. Sada, K. & Makino, H., Direct 

Numerical Simulation of a Particle-Laden Mixing Layer 
with a Chemical Reaction. Int. J. Multph. Flow, 31, 
843-866 (2005). 

Pierce, C. D., & Moin, P. Method for Generating 
Equilibrium Swirling Inflow Conditions. AIAA J., 36, 
1325-1326 (1998). 

 

0.0

0.5

1.0

1.5

0 1 2 3 4
0.0

0.5

1.0

 d
p
 =   10  μm

 d
p
 =  100 μm

 d
p
 =  500 μm

n p/ n
p,

0

x/R0 = 10.0

x/R0 = 5.0

n p/ n
p,

0

r/b

PS3_1

- 522 -



International Conference on Multiphase Flow,
ICMF 2007, Leipzig, Germany, July 9 – 13, 2007

Influence of turbulent inlet conditions on particle dispersion in a sudden cylindrical expansion.

Fabio Sbrizzai, Roberto Verzicco∗ and Alfredo Soldati

Università degli Studi di Udine, Facoltà di Ingegneria, Dipartimento di Energetica e Macchine and
∗ Politecnico di Bari- Dipartimento di Ingegneria Meccanica e Gestionale

via delle Scienze 208, Udine, 33100, Italy and ∗- 70125 Bari, Italy
soldati@uniud.it

Keywords: Large-Eddy Simulation, Lagrangian tracking

Particle dispersion in a confined, turbulent jet in a cylindrical
pipe expansion is investigated by means of numerical techniques.
Specifically, Large-Eddy Simulation is used to simulate the flow
field within the cylindrical expansion shown in Figure 1. Ex-
act shape of the curved wall of the diffuser is modelled by the
immersed-boundary method described in Fadlun et al. (2000).
Fully-turbulent inlet conditions are applied to the diffuser from an
independent Large-Eddy Simulation of a spatially-periodic cylin-
drical pipe flow.

Figure 1: Shape of the computational domain used for the Large-
Eddy Simulation of the diffuser and schematics of the pipe-
diffuser grid coupling.

Simulations show that a Kelvin-Helmholtz instability occurs
about one inlet-pipe diameter downstream of the separation point,
producing regular, large-scale rolls (vortex rings), which are ad-
vected downstream by the main flow. While proceeding down-
stream, vortex rings undergo a progressive coherency-loss, pro-
duced either by internal instabilities and by the turbulence fluc-
tuations introduced in correspondence of the inlet. Further
downstream, collisions among vortices produce smaller and less-
ordered structures, eventually leading to a three-dimensional non-
coherent vorticity field.

Lagrangian tracking is used to investigate the behavior of in-
ertial particles of 10, 20 and 50 µm . Particle dispersion is ana-
lyzed with reference to time and space evolution of the coherent

structures, using statistical quantities. The influence of the fully-
turbulent inlet conditions on the shape and regularity of coherent
structures is investigated by analysis of local velocity signals.

Particle-structure interaction mechanisms provide that parti-
cles are captured by vortices having a turnover time of the same
order of magnitude of the particle characteristic time, τp. Analy-
sis evidences that particle dynamics is initially dominated by the
Kelvin–Helmholtz rolls which form at the expansion and only
eventually by the advected small–scale turbulence, as shown in
Figure 2.

t=25.455 τ

 0  2  4  6  8  10  12
z/rm

 0
 0.5
 1
 1.5
 2
 2.5

r/rm

t=25.455 τ

 0  2  4  6  8  10  12
z/rm

 0
 0.5
 1
 1.5
 2
 2.5

r/rm

Figure 2: Snapshot of instantaneous 20 µm particle position and
instantaneous vorticity isocontours, showing the interactions be-
tween particle and flow structures.

The importance of a proper account of the inlet conditions is
evidenced by comparing present results with a previous work
on a similar geometry (Sbrizzai et al. (2004)), in which an
analytically-prescribed inlet velocity profile was imposed at in-
let.
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Abstract 
 

The hydraulic transport of solid particles has become 

increasingly important for many industrial applications such 

as in the oil transport. The paper describes measurements at 

a water/sand particle flow in a horizontal pipe by a 

fibreoptical probe. Measuring values are particle velocities, 

particle sizes and particle data rates. The basic operation of 

the probe is to observe the shadow image of a single moving 

particle through a fibreoptical filter together with a single 

optical fibre. The fibreoptical probe was adjusted in the test 

section of the horizontal pipe of the medium scale flow loop 

of the multiphase flow laboratory of SINTEF Petroleum 

Research. The horizontal pipe has a length of 200 m and an 

inner diameter of 67.2 mm. The experimental configuration 

is shown in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Experimental setup of the medium scale flow 

loop of the multiphase flow laboratory of SINTEF 

Petroleum Research  

 

The probe could be inserted from the bottom pipe wall. 

Volume flow of water was measured by a Coriolis flow 

meter. The sand mass flow rate could be adjusted to a 

constant value and determined by a weight and a volume 

measurement. The sand particles had a size range between 

100 µm and 450 µm and a density of 2670 kg/m
3
.  

Under consideration of the blocking ratio, the probe could 

be calibrated with measurements of water with natural 

seeding. Different conditions of the hydraulic transport 

could be realized by variation of the mean water velocity up 

from 1.25 m/s to 0.43 m/s: hydraulic transport without 

settling of sand, hydraulic transport with the transition to 

moving dunes and hydraulic transport with moving dunes. 

Two values of the feeding mass flow of the sand particles 

were used: 1.16 g/s and 3 g/s. The height of the moving 

dunes at the bottom of the pipe could be measured by an 

acoustic system. 

During the measurements the probe was moved from the 

bottom (y = 0) to the pipe axis (y = 33.6 mm) and the 

particle velocity up in axial direction, the particle size xch 

and the particle data rate qN were measured for every 

measuring position in dependence on the measuring time. 

The results were given for the mean values uav,p and xav,ch 

One example is shown in Figure 2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2:  Profiles of mean particle velocity for different 

water volume flow, particle mass flow: 1.16 – 3 g/s 

 

The fibreoptical probe system can be used for the 

determination of the profiles of the axial particle velocity, 

particle size (chord length) and particle data rates in the 

horizontal pipe flow for different sand particle loading. The 

fibreoptical probe system can also be applied for the 

determination of the sand particle velocity in the volume of 

the dunes. The probe was not damaged or influenced by the 

sand particles. The results can be used for the evaluation of 

different CFD models of two-phase flow. 
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The turbulence modulation in horizontal particle-laden 
channel flow has been investigated extensively in the past. 
Recent results show that gas turbulence can be noticeably 
altered under relative low mass loading ratios (Kiger & Pan 
2002, Wu et al. 2006). Our former investigation (Wu et al. 
2006) on the fluid-particle turbulence in the main flow 
region under different particle loading and particle inertia 
had show that the gas-phase turbulence intensities are 
enhanced although the mean fluid flow is attenuated in all 
cases concerned. However, the mechanism of turbulence 
enhancement under low mass loading can not be fully 
understood without data in its boundary layers. The present 
paper aims to investigate the turbulence modulation in the 
near wall region. 

The experiment was performed in a horizontal channel 
with a height (2h), width and length of 3cm×30cm×600cm 
respectively, as show in Fig. 1. The single-phase flow was 
measured to provide a benchmark. The friction velocity (uτ) 
was estimated to be 0.374m/s. The wall Reynolds number 
was 360 ( Re u hτ τ ν= , where ν is the kinetic viscosity of 
fluid). The density of particles was 1030kg/m3. Two sets of 
particle size, 60μm and 110μm, and 4 sets of particle mass 
loading, 2.5×10-4, 5×10-4, 1×10-3 and 5×10-3 were 
investigated. 

In order to get the velocities of the solid-phase and 
gas-phase respectively, the solid particle images were 
separated from the tracer images by a phase discrimination 
algorithm, following those used by Khalitov & Longmire 
(2002). Then, both the tracer-only images and the 
solid-phase images were analyzed using a PTV algorithm, 
following the work Guo et al. (2004).  

The results show that the presence of the particles can 
noticeably alters the carrier phase turbulence properties in 
the turbulent boundary layer. The mean fluid streamwise 
velocities and its gradient in the inner layer were increased, 
which is different to its behavior in the outer layer, due to 
the drag of particles. The transition of normalwise fluid 
fluctuation along the channel height were found sensitive to 
particle inertia, with much more enhancement for the cases 
with 60um particles, showing strong interaction between 
particle and near wall vortex structures. The variation of 
turbulence coherent structure will be discussed as well, in 
conjunction with spacial two-point correlations. And 
statistical characteristics of particles phase will be presented 
in the full paper too. 
 
 

 
 

1 Blower, 2 Cyclone, 3 Stabilization tank, 4 Test section, 5 Development 
section, 6 Conditioning and contraction section, 7 Tracer generator, 8 Tracer 

recycle pipe, 9 Particle feeder 
Figure 1: Schematic diagram of experiment facility 
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Figure 2: Gas-phase time-averaged velocity and Reynolds 
stresses for mass loading ratio 2.5×10-4 
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Abstract 

 
In order to improve the risk assessment of particulate 

contamination in a nuclear facility, and hence to optimize 
operators protection, a research program has been launched 
involving IRSN, EDF and IMFT. The objectives are to 
implement in a CFD code a validated model of aerosol 
transport and deposition, giving the space-time evolution of 
an airborne pollutant concentration in a ventilated room.  

Bibliographical researches revealed lots of ways to 
model multiphase flows. But in this study, the low-inertia of 
aerosols (aerodynamic diameter smaller than some ten 
microns) allows the use of a simplified eulerian model, 
called “diffusion-inertia model” (Zaichik et al. 2004). This 
model is derived from classical eulerian equations, the latter 
being obtained after a description of the dispersed phase 
statistic properties using a particle probability density 
function (PDF). Finally, it contains a single transport 
equation of aerosol concentration, which is a significant 
simplification of classical eulerian models. Thus, 
computational calculation times will be seriously reduced.    

The study of deposition on walls needs a specific 
approach, located in the airflow boundary layer and based on 
works establishing theoretical (Lai & Nazaroff) or 
semi-empirical expressions of deposition velocities (Wells & 
Chamberlain…). Figure 1 shows typical experimental and 
theoretical values of resulting overall deposition coefficient 
as a function of particle size. Actually, many phenomena 
occur in aerosol deposition: brownian and turbulent 
diffusion, turbulent impaction, sedimentation on horizontal 
surfaces and also other mechanisms such as thermophoresis 
or electrostatic forces. Among all these effects, it is 
fundamental to distinguish which ones are dominating for 
aerosol deposition in a ventilated room, in order to identify a 
deposition model as realistic as possible. Thus, in the 
context of this study, turbulent impaction is not considered. 

After the implementation in Code_Saturne, the 
transport and deposition model retained is validated, 
according to comparisons between numerical simulations 
and experimental results. The main techniques used are 
tracing experiments, with gaseous species (helium or sulfur 
hexafluoride) and particles (uranine, glass,…). The detection 
methods are respectively mass spectrometry or infra-red 
process for gases, and fluorimetry or optical counting for 
particles. Most of these experimental tools are used by 

Bemer et al. (2000).  
The experiments are first taking place in ventilated 

laboratory rooms (36 and 1500 m3). In a second step, a final 
validation in a PWR building will be carried out, in order to 
extend the study of the scale effect. 

This presentation aims at reporting and comparing the 
first results of both numerical simulations and tracing 
experiments in a 36 m3 ventilated room.  
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Figure 1: Deposition laws on horizontal upward surfaces 
(Lai & Nazaroff, 2000).  
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Abstract 
 
Two-phase dispersed flows have an increasing interest due to 
their many applications (medical, industrial and farming 
sprays, pneumatic transport, combustion…). Particle 
movement are affected by the continuous phase and, also, 
particulate phase have an effect on continuous phase 
dynamics, especially for high particles-gas mass ratio. 
 
In this work, an experimental study of a particle laden 
acoustically forced air jet is performed. In particular, the gas 
phase movement is measured and compared with the forced 
single-phase jet. The jet is generated with a convergent 
nozzle and the gas exit velocity profile has the typical top-hat 
shape. Experiments are carried out at moderate Reynolds 
number (11900) and particle sizes (glass spheres) are 
selected to obtain medium-low Stokes numbers (~O(1)). 
Particle-air mass ration is 0.0704. The acoustic forcing 
frequency is 400 Hz, with an exit diameter based Strouhal 
number of 0.32. Under this configuration, forcing induces 
large and powerful disturbances (Crow & Champagne 1971, 
Petersen & Samet 88, Cerecedo 2000). Visualizations show 
that disturbances are nearly periodical gas vortex (coherent 
structures) which develops along the potential core. These 
disturbances drive particle movement and they cause great 
changes on both phases along the near-to-the-exit zone. So 
then, air entrainment and jet expansion increase on the 
close-the-nozzle zone for the forced case. 
 
Air is seeded with small alumina tracers in order to measure 
the gas velocity with a two-component TSI PDPA, mod. 
3100. Continuous phase velocity is got throughout the whole 
forcing signal cycle. The forced vortex structures generate an 
inhomogeneous alumina seeding, which can induce high bias 
in the measured velocity statistics. A data post-processing is 
applied to obtain unbiased velocity measures. First, 
conditional velocity moments for given signal phases are 
calculated with TTM methods. After that, moments of the 
overall temporal statistics are obtained from the conditional 
ones. 
 
Overall temporal moments describe the mean development 
of the air jet. However, the flow characteristics coherent with 
forcing signal (e.g. disturbance intensity or how “noisy” it is) 
are measured with ad hoc defined magnitudes, as the 

modulation and the coherence (Fig. 1). 
 
The jet is measured along its axis and across several 
cross-sections. Conditional velocity statistics permit 
quantifying the coherent structures. The fig. 1 shows the 
evolution of coherence along the jet axis for the single and 
two-phase flows. Also, this processing applied to the 
cross-section data gives velocity moments for each forcing 
signal phase. First and second order moments (mean and rms 
velocity) are plotted as radius-phase maps. 
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Figure 1: Gas axial velocity coherence along the jet axis. 
Single-phase and two-phase cases. 
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Industrial treatment of liquid bio-matter often occurs in 
high volume reactors in presence of multiphase flows (e.g. 
fermentation, evaporation). Hereby, flow pattern in the 
reactor plays a crucial role for a homogeneous and efficient 
conversion of matter due to thermal, concentration and 
mechanical sensitivity of bio materials. In biotechnology, 
wort boiling in brewery represents a complex fluid 
mechanical and biochemical process. Due to thermal 
treatment with phase change, a variety of biochemical 
reactions and separation processes are triggered which 
significantly influence product quality, process time and 
energy consumption. Common reactors feature volumes up 
to 120 m3. They are of cylindrical shape with a centrally 
located, vertically oriented, steam heated calandria. The 
tubes of the evaporator are heated from the shell side by 
steam while the process medium partially evaporates in the 
tubes. Due to density change of the process medium in the 
evaporator, natural circulation in the reactor is induced. The 
two phase mixture leaves the evaporator radially under the 
liquid surface in form of a two-phase jet. Due to buoyancy, 
the dispersed vapor leaves the bulk liquid through the liquid 
surface. The continuous phase of the jet penetrates the 
matrix fluid, und flows in form of a wall jet downwards 
parallel to the reactor wall (Fig.1). First investigations in a 
steam heated pilot scale vessel reveal a toroidal vortex in the 
kettle annulus, driven by the two phase jet. LDV 
measurements in the near wall region at different heights 
show the existence of a turbulent one phase wall jet with self 
similar velocity profile (Baars et al. 2000, Biwański et al. 
2005). In literature exists a variety of contributions devoted 
to investigations of two flow patterns in buoyancy driven 
flows (e.g. Garnier et al. 2002). Nevertheless, there is little 
information about complex flows containing distinct spatial 
one and two phase regions. This contribution intends to 
discuss the following questions: how does the two phase 
domain influence the flow pattern in the one phase region? 
Is it possible to enhance significantly momentum, mass, and 
heat transfer in the one phase domain by two phase flow 
induced velocity fluctuations? Is it possible to characterize 
transport and decay of the fluctuations in the one phase 
domain? 

Investigations are carried out experimentally in a non 
heated wort kettle of laboratory scale (Fig.1) and 
numerically with the commercial code ANSYS CFX 10.0.  
For process media water and air are applied. Hereby, the gas 
is injected inside the centrally located model heat exchanger. 
Experiments are carried out for one and two phase flow 
injection (gas/liquid fraction ά = = 0…0.5), different nozzle 
heights (l = 0.01; 0.02; 0.04 m) and liquid levels (distance 
between liquid surface and the jet L = 0.05; 0.1 m). The one 

phase flow jet Reynolds number Rej amounts to about 3E+3 
and is formed with the mean jet velocity at the nozzle, 
nozzle height and liquid viscosity. For measurement 
techniques LDV and PIV are applied and for turbulence 
model Large Eddy model by Smagorinsky.  

First results reveal good agreement between 
measurements and calculations. Fig.1 presents the calculated 
velocity field which can be characterized by three counter 
rotating vortexes in the vessel annulus. The flow is highly 
transient and the positions of vortexes change with time. The 
presence of the big toroidal vortex and the self-similarity of 
the wall jet velocity profiles in the upper region of the kettle 
could be confirmed. Measured turbulence intensities exhibit 
a significant higher magnitude in case of the two phase flow 
injection. This leads to an enhanced momentum transfer 
between wall jet and bulk liquid. Therefore, the effect of a 
short circuit is reduced in favor to an improved 
homogeneous treatment of the process medium. 

  

 

2ph. flow 

1ph. flow 

Figure 1: Experimental setup. Numerical results and 
schematic distribution of flow patterns.  
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Abstract

Hypersonic shock tunnels are powerful tools of experimental
studies in supersonic aerodynamics. In the last decade, shock
tunnels have come into use for study of dusty gas flows over
bodies. Experiments of such kind have been carried out re-
cently at the TsAGI in Russia (Vasilevskii et. al. 2001) in
the frame of the extensive international research programme
related to the expedition to Mars. However, many details of
two-phase flow structure in these experiments were not clar-
ified that was a reason of some difficulties in interpretation
and explanation of the results.

The present paper describes the results of computational
simulation of the unsteady gas-particle flow in the virtual
setup which geometry is very close to the hypersonic shock
tunnel UT-1M at the TsAGI. The tunnel consists of a shock
tube, a contoured de Laval nozzle attached to a low-pressure
chamber of the tube, a test section where a model is placed,
and an exhaust vacuum chamber. High- and low-pressure
chambers of the shock tube are separated initially by a di-
aphragm. In calculations, the configuration and dimensions
of the tunnel, and the initial parameters in the high-pressure
and low-pressure chambers were taken as in experiments.
The designed Mach number at the nozzle exit was equal
to 6.01. Gas in the high-pressure chamber of the tube was
heated to avoid its condensation in the process of rarefaction
in the nozzle and in the test section. Before the diaphragm
opening, particles were placed in the high-pressure chamber,
and their distribution in space was assumed to be uniform.
Particles were considered as rigid uniform spheres of equal
radii. The initial particle concentration was very low, so that
the reverse effect of the particle phase on the carrier gas flow
and the particle-particle collisions were negligible.

The time-dependent flow of the carrier gas in the tunnel
is described by the Euler equations. They were solved by
the explicit finite-volume method of the second order. In the
calculation domain, a strongly non-uniform unstructured grid
with high concentration of cells in the nozzle throat and in the
test section was used. Cells had a polygonal shape. A total
number of cells was about 10

5. The fluxes through the faces
of cells were calculated using the Godunov scheme. The
algorithm provided a very high resolution of moving shock

waves and contact discontinuities. The flow was simulated
from the instant of the diaphragm opening to the beginning of
quasi-steady-state flow regime around a model in the test sec-
tion. The fine flow structure of the time-dependent gas flow
field with numerous regular and Mach reflections and interac-
tions of shock waves in the nozzle and in the test section was
obtained in calculations. It was found that the shock wave
interaction generated two ring near-axis intensive vortices,
which drift downstream. The behaviour of dispersed parti-
cles was simulated using the Lagrangian approach. Tracks of
a great number of particles (more than 1 million) were calcu-
lated. In the model of gas-particle interaction, the drag force,
the lift Magnus force, and the damping torque were taken
into account (for details see paper by Volkov, Tsirkunov and
Oesterle (2005)). The particle diameter was varied in the
wide range to cover the range of particle sizes taken in ex-
periments. (The corresponding characteristic Stokes num-
ber was in the range from 0.001 to 10). Fine particles fol-
lowed the gas flow with a very small lag, however the vor-
tices generated by the interaction of shock waves displaced
them from the axis that resulted at the initial stage of flow in
appearance of a particle-free area near the axis. Large parti-
cles collided with the nozzle walls and reflected from them.
This resulted in forming narrow layers downstream with high
particle concentration. For particles of different sizes, the
computer movies, showing the motion of a great number of
simulated particles in the setup, were made, and they were
compared with the movies made for the massless particles-
markers which can be associated with the carrier gas flow.
Such "visualization" revealed many interesting details of the
flow structure. In addition, the profiles of the particle con-
centration at the inlet of the test section were obtained. Some
important features of the two-phase flow around a model in
the test section were obtained and discussed.
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Abstract

The effects of droplet deformation are considered for a spray
injected into crossflow by computing a drag correction fac-
tor depending on the Reynolds numbers, the Weber numbers,
and the eccentricity. It is shown that with the given mod-
els the drag on droplets may increase by a factor of more
than two compared to the drag on spherical droplets (see
Fig.1. Various drag correction models are compared (Hay-
wood et al. 1994; Helenbrook & Edwards 2002; Hsiang &
Faeth 1995) The mean penetration of the droplets is demon-
strated to be smaller if droplet deformation effects are ac-
counted for (see Fig.2). This drag increase due to Weber
number effects counteracts the drag decrease due to aerody-
namic droplet interaction in this flow. The two-phase flow
is handled by a Euler/Lagrange solver in which turbulence is
modeled by large-eddy simulation.

Figure 1: Average drag correction factors according to the
correlation by Helenbrook & Edwards (2002)
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Condensation of vapor mixture has been widely studied 
for many years. The experiment on non-film condensation 
heat transfer characteristic for water-ethanol binary vapor 
mixture due to Marangoni effect was performed by Utaka 
(2004), and the condensation heat transfer was enhanced 
approximately about 2-8 times compared to pure steam. 

However, few studies on effect of velocity on the non-film 
condensation of binary vapor mixture have been reported. 
Utaka and Kobayashi (2001) studied the effect of vapor 
velocity on Marangoni condensation characteristic for 
water-ethanol binary vapor mixture, but only for three 
concentrations at atmosphere pressure approximately.   
Murase et al. (2006) experimentally studied the Marangoni 
condensation on a horizontal tube for low ethanol 
concentration, and found that vapor velocity could enhance 
heat transfer. The purpose of this research is to 
experimentally study the effect of vapor velocity on 
condensation heat transfer for water-ethanol binary vapor 
mixture with a wide range of ethanol mass concentrations at 
low-pressure condition, and analyze the influencing 
mechanism qualitatively. 

In present experiment, the vapor mixture with different 
velocities (1m/s, 2m/s, 4m/s, 5m/s) and different ethanol 
mass concentrations (0.5%, 1%, 2%, 5%, 10%, 20%, 50%) 
flowed through vertical flat copper plate and condensed on 
the surface at vapor pressure of 47.36kPa. The condensate 
modes, including film, film-drop, drop, drop-streak and 
streak, were observed by CCD camera, and the 
characteristics of the heat transfer coefficients against the 
vapor-to-surface temperature difference for different 
velocities and ethanol mass concentrations were obtained. 
Figure 1 shows the condensate modes for four different 
vapor velocities at uniform condition. With the increase of 
vapor velocity, the dropwise became instable, and then went 
with streak, as shown in Figure 1b and 1c, respectively. 
When the velocity was high, the steak mode would be 
observed, as shown in Figure 1d. Moreover, the heat transfer 
coefficient increases with the velocity, as shown in Figure 2. 

The results indicated that shear force of the vapor mixture 
on the condensate became larger as the velocity increased, 
and which would cause the variation of condensation mode. 
Furthermore, the heat conduction resistance and diffusion 
resistance would be reduced as the vapor velocity increased, 
which improved the disturbance of vapor side and 
condensate film, and enhanced the condensation heat 
transfer. 

 

 
Figure 1: Condensation modes for different vapor velocity 
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Figure 2: Condensation heat transfer characteristic curves   
for different vapor velocities 
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The phenomena of steam-water direct contact 

condensation has been investigated extensively for its 
importance in many industrial operations such as underwater 
propulsion system, chemical mixing equipment, steam jet 
driven injector and nuclear reactor safety system. The steam 
jet condensation can be divided into three modes according 
to the steam velocity at nozzle exit, i.e. subsonic jet, sonic 
jet and supersonic jet. The shape and the penetration of 
steam plume are the dominating parameters for investigating 
the steam jet condensation heat transfer. The condensation of 
subsonic or sonic steam jet submerged in subcooled water 
has been studied by many researchers. Kerney et al. (1972) 
and Weimer et al. (1973) studied the penetration length of 
sonic steam jet horizontally in subcooled water 
experimentally and theoretically and proposed the 
correlation to calculate the dimensionless penetration length. 

However, few researches on the supersonic steam jet 
submerged in subcooled water were reported. In present 
work, the steam plume shape and the centerline pressure and 
temperature distributions of supersonic steam jet submerged 
in the subcooled water were experimentally studied and the 
correlation to predict the penetration length was also given.   

In this experiment, the inlet steam pressures were form 
0.2MPa to 0.5MPa and the subcooled water temperatures 
were in the range of 293K-343K. According to the 
photograph by high speed camera, five different shapes of 
steam plume of supersonic jet condensation were typically 
observed, as shown in Figure 1. The shape of steam plume 
was controlled by inlet steam pressure, water temperature 
and nozzle structure according to the experimental results. 
Figure 2 shows the characteristic of the dimensionless 
penetration length of steam plume against the inlet steam 
pressures and subcooled water temperatures for supersonic 
steam jet at pressure ratio 0.318. It can be seen that the 
dimensionless penetration length increased with the inlet 
steam pressure and the water temperature, and the values are 
in the range of 3.45-12.62. It also can be seen that the rising 
rate decreases for inlet steam pressure but increases for the 
water temperature. Moreover, the dimensionless penetration 
length of steam plume of sonic jet condensation was also 
given, and the values were bigger than that of supersonic jet 
condensation under the same conditions. The correlation to 
predict the penetration length of steam plume was obtained 
according to the experimental results and theoretical analysis, 
and the predictions agreed with the experimental data within 
±18%. 
 

 
Figure 1: Five different shapes of steam plume 

290 300 310 320 330 340
2

4

6

8

10

12

14

    p0, MPa
 0.20
 0.30
 0.40
 0.50

T
w  

Figure 2: Dimensionless penetration length of steam plume. 
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Simulation of laser pulse interaction with combustible gas-
dispersed mixtures plays an important role in design of air-
breathing pulse detonation engines (PDE). Detonation waves
propagate through a mixture in the combustion chamber of PDE
and produce large chamber pressures for propulsion. One of the
most important parameters for these applications is the minimum
energy of laser pulse (MPE). The injection of metal particles with
low evaporation temperature (for example, aluminium) decreases
threshold value of optical disruption on individual particle and
leads to drop of detonation MPE of gas-particle mixture.

Many experiments, theoretical and numerical studies on laser-
induced detonation have been carried out for the past years.How-
ever, there are not many studies on the influence of the particle
type. Actually, there are two typical types of particle. Oneis a
plate-like (fish-plate) type of particles. The other is the spher-
ical type of particles. Efficiency of laser-induced detonation is
differed for these two types of particles. To provide an effective
energy supply to the mixture, particle surface absorbent the en-
ergy of laser pulse should be maximal.

The mathematical formulation of the problem is divided into
low level and high level models. Low level model corresponds
to the processes in the volume occupied by an individual particle
induced by their interaction with a laser pulse. High level model
corresponds to the processes in the whole volume occupied by
multi-phase mixture due to energy supply of it. Also, it includes
a model of laser pulse and kinetics of chemical reactions.

The model of micro level developed takes into account heating
and melting of particle, its evaporation, formation of vapour au-
reole around particle, ionization of vapour aureole, evolution of
electronic avalanche, initiation of chemical reactions and expan-
sion of shock waves in the volume occupied by individual particle
(Emelyanov & Volkov 2005).

The model of multi-velocity and multi-temperature contin-
uum is used to formulate equations describing gas-particleflow
(Emelyanov & Volkov 2004). The numerical solution is based on
finite volume method and splitting scheme on physical processes.

The data obtained from solution of micro level problem are
used to compute source terms in the continuity, momentum and
energy equations of macro level problem. It is assumed that the
particles are uniformly distributed in the computational domain.
Some volume of gas mixture depending on particle concentration
is associated with each particle (individual reactor of a particle).
The model of non-stationary well-stirred reactor is used tocom-
pute gas properties in such a volume.
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Figure 1: MPE of laser-induced detonation depending on oxidant
volume fraction.

The threshold value of optical disruption and MPE of laser-
induced detonation depending on total power and spot of laser
pulse, mass fraction of dispersed phase and volume fractionof
oxidant are computed. Some computational results are presented
in the Figure for fish-plate aluminium particles with size50×50×

5 µm in the oxygen-acetylene mixture. Mass fraction of particles
is 0.5 g/m3. Wave-length of laser beam is 4.2µm, radius of laser
spot is 1.5 cm, and time of pulse is 2.6µs (H2–F2 laser). The
results obtained are in a good agreement with the experimental
data (Azarovet al. 1997).
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Abstract 
 

Two-phase flow is found in many systems used in 
nuclear and chemical engineering. Mixtures of liquid and 
gas may be steam and water, such as in heat-transfer 
apparatus. However, it is still difficult to describe 
quantitatively boiling two-phase flow due to the extreme 
complexity of flow behavior. Recently, the nonlinear points 
were introduced to the boiling two-phase flow. But Many 
nonlinear studies reported in open literature focused on 
pool nucleate boiling system due to the simple 
configuration from which it was easy to address 
fundamental issues and was reviewed recently by 
Shoji(2004). Investigation on the flow boiling system is 
more urgent because the accuracy design, optimum 
operation and effective control of flow boiling heat 
exchangers such as the evaporator and nuclear reactor are 
still quite difficult due to the complexity of the flow 
boiling phenomena. Some researchers, Kozma et al.(1996), 
Lee and Pan(1999), Robert et al.(2004), Bo-feng Bai et 
al(2001), Ming-yan Liu et al,(2005), have procured some 
achievement in flow boiling system. Although these 
analyses are valuable for enhancing the physical 
understanding of such system, in most of experimental 
work is performed for adiabatic (no heat addition) 
two-phase flow or at different exchanger device. However, 
in industrial processed, in many cases, two-phase flow 
develops under nonadiabatic. So, in this paper, the effect of 
heat flux on the pressure fluctuation was stressed studied. 

Because pressure fluctuation measurements reflect 
many hydrodynamic phenomena, like bubble passage, 
bubble coalescence and bubble eruption, experiments are 
carried out in the paper to study the feature of pressure 
fluctuating in vertical tube for boiling two-phase flow. 
There are many ways to characterize the pressure 
fluctuations in order to quantify a change in the two-phase 
flow behavior. In this paper, time-series analysis for this 
purpose operated in time domain, frequency domain and in 
state-space, the latter being used in non-linear time-series 
analysis. In the paper, analyses of pressure fluctuation time 
series were carried out by using the standard deviation, the 
power spectrum density function, the Hurst exponents, 
Kolmogorov entropy and correlation dimension. 

Experimental results show that heat flux has great 
influence on the fluctuation feature. In different velocity of 
flow, the standard deviation (SD) of the pressure fluctuation 
time series decreased firstly and increased lately with 
increase of heat flux. And as velocity of flow is bigger than 
0.6m/s, increase of SD is very obvious. The power spectrum 

density function of the pressure fluctuation time series 
shows exponential decrease at semi-logarithmic coordinate. 
At lower heat flux, the PSD are characterized by the lower 
major frequency with larger fluctuation scale. At higher heat 
flux, the PSD are featured by the higher major frequency 
with smaller fluctuation scale. For the heat flux the values 
of H were found to be between 0.5 and 1, indicating that the 
time series displays persistent behaviors under the 
conditions examined. The Kolmogorov entropy and 
correlation dimension have change with difference of heat 
flux and A positive, nonfinite estimate of the Kolmogorov 
entropy provides further evidence that pressure fluctuation 
signals behave chaotically. It can be concluded that the flow 
pattern map and transition theories on basis of adiabatic 
flow can not be extrapolated directly to boiling two-phase 
system. 

Further work is required to determine the effect that 
local heat-transfer coefficients and system pressure of 
boiling two-phase flow has on pressure fluctuation feature. 
Further information would be desirable to investigate the 
transition mechanisms of flow patterns for boiling 
two-phase flow system. 
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Abstract 
 

Surface of liquid film in annular two-phase flow is 
covered by waves of two types: disturbance waves, 
characterized by large amplitude, length and velocity, and 
ripple waves, considered to be much smaller and slower. 
The investigation of disturbance waves and ripple waves 
properties is a possible way to better understanding the 
phenomena of droplets entrainment from the liquid film 
surface into the core of gas stream.  

To investigate properties of ripple waves it is 
necessary to perform high-resolution measurements of 
thickness of liquid film, flowing inside the tube. Commonly 
used conductivity probes with flush-mounted electrodes 
(Chu, Dukler 1974) integrate small-scale wave structures, 
leading to decrease in measured ripples amplitude. Probes 
with wire electrodes disturb the film flow and also may 
distort film thickness data.  

A possible solution for this problem could be provided 
by usage of laser induced fluorescence (LIF) method (see 
Liu et al. 1993), which had not been applied earlier to 
investigation of gas-sheared film flow. Application of this 
method allows obtaining instantaneous distribution of film 
thickness along the tube. Spatial resolution in present work 
was about 0.1 mm.  

Experiments have been performed in a cylindrical 
channel with inner diameter of 15 mm. Ripple waves 
properties have been studied within the range of gas 
velocities 20-64 m/s and liquid film Reynolds number 24 – 
90. Scheme of LIF method is shown at Fig. 1. 

 

 
     

Figure 2: Average amplitude of ripples. 1-3 – present work, 
LIF method measurements, Re=24 (1), Re=40 (2), Re=90 
(3). 4 – present work, conductivity method measurements, 
Re=40. 5-6 – Suzuki et al. 1983, Re=35 (5), Re=70 (6). 7 – 
Chu & Dukler 1974, Re=400. 
 
The ripple amplitude values obtained by LIF-method are 
much higher than the values, measured in earlier works (see 
Fig. 2). This happens because of low spatial resolution of 
probes used earlier leads to averaging the short waves and, 
hence, to significant decrease of ripples amplitude. 
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Figure 1: LIF method scheme 
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Two-phase flows represent a ubiquitous and extremely 

complicated phenomenon. Investigations of two-phase pipe 
flows are essential for various industrial applications that 
require reliable predictive quantitative solutions for design 
and maintenance. Accurate experimental data on the 
instantaneous distribution of both phases within the pipe are 
necessary for understanding the governing physical 
mechanisms in two-phase flow.  

The present study employs wire-mesh sensor as the 
measuring technique. This instrument enables experimental 
study of gas and liquid phase distribution in two-phase pipe 
flow. In addition, it allows determination of the 
instantaneous propagation velocities of the phase interface. 
Prasser et al. (1998) were the first to apply the wire-mesh 
sensor for two-phase flow measurements. The instrument 
consists of three parallel wire layers perpendicular to the 
pipe axis. The wires in consecutive layers are directed 
normally to those in the previous layer, creating two meshes. 
The operation principle of the wire-mesh sensor is based on 
the difference in electrical conductivity of the two phases 
(water and air). The instrument can be seen as an intrusive 
tomograph that enables quantitative measurements of the 
cross sectional void fraction distribution. Being an intrusive 
instrument, wire mesh sensor is free of the inversion 
problems common to non-intrusive tomographs. The spatial 
resolution of the cross-sectional void fraction distribution is 
determined by the mesh geometry. The accuracy of the 
wire-mesh sensor was estimated against a technique used in 
our previous investigation based on a borescope (Roitberg et 
al. 2006 a). Reasonable agreement between measurements 
results by both techniques was demonstrated.  

Experiments are carried out in a 10 m long pipe with 
an internal diameter of 0.024 m. The pipe can be fixed at any 
angle of inclination. The present study deals with flow 
patterns observed in air-water downward pipe flow. 

A novel algorithm for processing the wire-mesh sensor 
data was suggested by Roitberg et al. (2006 b) to improve 
the spatial resolution of the sensor. The suggested algorithm 
is based on an approach used in computational fluid 
mechanics, such as the so-called volume of fluid (VOF) and 
takes into account the partial contribution of the neighboring 
junctions. An example of average cross section in stratified 
flow obtained using the algorithm in shown in Fig. 1. 

a)  b)  c)  

Figure 1: Average interface for different inclination angles, 
a) -10O, b) -15O, c) -17.5O. 

The temporal variation of the liquid-air interface 
location along the pipe at the central vertical axis can be 
derived from instantaneous cross sectional images, Fig. 2.  

a) 

b)  

c)  

    
Figure 2: Temporal variation of the interface location at the 
central vertical axis at inclination. Pipe inclination angle 
-2O ,ULS=1m/s; a) UGS =1 m/s, b) UGS=2.5 m/s, c) UGS=5 
m/s.  

 
Numerous parameters characterizing the interface 

shape variation for various operational conditions are 
obtained. In particular, the angle of the liquid film climbing 
along the cross sectional perimeter and interface shape 
fluctuations are studied. The 3D structure of the two-phase 
flow distribution within the pipe is obtained for stratified, 
slug and annular flow patterns. In the slug flow regime, the 
shapes of the bubble nose, liquid film and bubble tail are 
determined. 
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Crude oil is normally produced together with gas and 
water. The trend is towards higher water cut due to so-called 
tail production and heavy oils. At some stage during 
production one would like to separate oil and water. In order 
to design such processes, one would ideally like to perform 
several steps: 1) Characterization of components and their 
separability, 2) modeling of the separation process and 3) 
simulation of the separation process in real geometries. 
Today’s commercial simulation tools cannot adequately 
perform the last step due to lack of detailed models that 
consider experimental data for real hydrocarbon systems.  
The final aim of the work is to model liquid-liquid 
separation in the Hydro PipeSeparator ™. 

Recently, Frising et al. (2006) reviewed modelling and 
experimental works performed for gravity batch settlers. The 
sedimentation models reviewed were micromechanical 
models where ordinary differential equations are solved for 
the height of the sedimenting and coalescing interfaces. Ruiz 
& Padilla (1996) modelled the gravity settler by a population 
balance approach of the dispersion band. Likewise, Hu et al. 
(2006) modelled phase inversion in liquid-liquid pipeline 
flows using population balance equations along with the 
equal surface energy criterion.   

In the present work, the liquid-liquid dispersion in 
gravity batch settlers is modelled using computational fluid 
dynamic (CFD). A three-field, two-fluid model has been 
implemented in the commercial CFD code Fluent 6.2. The 
fields considered are continuous oil (co) containing 
dispersed water (dw) and continuous water (cw). This is a 
multi-fluid model where the fields are treated as 
interpenetrating fluids. Averaged balance equations for mass 
and momentum are solved in terms of phase- and 
mass-averaged variables for each field. The hindered settling 
and the rheology of the water-oil emulsion is modelled by 
appropriate drag and viscosity formulations as function of 
the water cut. The drop size of the dispersed water droplets 
is modelled by an interfacial area transport equation 
accounting for binary drop-drop coalescence. The 
drop-interface coalescence at the coalescing interface is 
modelled by a mass flow rate from the dispersed to the 
continuous water fields.  

The current paper will contain a test of the hypothesis 
that this model can predict the behaviour of the liquid-liquid 
separation in a real hydrocarbon system, given the 
assumption that the effect of surfactants can be modelled by 
a single parameter in the coalescence efficiency. In this way, 
worst/best case scenarios can be applied to predict the phase 
composition window in the outlet flow of the separator.  

 The multi-field CFD model is validated against 

experimental data for batch gravity settlers found in the 
literature, Jeelani et al. (1996). As an example, the predicted 
height of the sedimenting and coalescing interfaces for a 
two-dimensional gravity batch settler is shown in Figure 1.  

The full paper will contain a description of the model, 
as well as comparison with experimental data, and a 
discussion of the results. 
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Figure 1: Predicted height of sedimenting and coalescing 
interfaces for a two-dimensional gravity batch settler. 
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Abstract 
 
Heat pipe or thermosyphon is a device of very high 
thermal conductance. Among other cooling 
techniques heat pipe emerged as the most appropriate 
technology and cost effective thermal design due to 
its excellent heat transfer capacity, high efficiency 
and structural simplicity. The idea of looped parallel 
thermosyphon (LPT) is developed (Chowdhury et al. 
2004 and Kaminaga et al. 2003) to minimize several 
insufficient performances of single tube 
thermosyphon (STT) such as low maximum heat 
transfer rate and non-uniform wall temperature in an 
evaporator section. In LPT, two single type 
thermosyphons are joined by two U-tubes at the top 
and bottom ends and thus total heat transfer area is 
increased. A looped parallel heat pipe(LPHP) differs 
from a LPT by virtue of its ability to facilitate the 
transport of heat against gravity by an evaporation-
condensation cycle with the help of porous capillaries 
that form the wick. 
 
Thermal designers have widely accepted the 
miniature heat pipe for their thermal design solutions 
and the area of application is increasing day by day. 
Normally miniature heat pipes (MHPs) have 3 to 6 
mm diameter and less than 400 mm length. Most 
preferable length is 150 mm (Kim et al. 
1999).MLPHP is relatively a new technology; 
relevant data, information is quite scarce. So, a 
thorough investigation of heat transfer capability of 
MLPHP is indispensable for further development and 
improvement of performance.  
 
The present experimental work investigates the heat 
transfer performance of a miniature looped parallel 
heat pipe[MLPHP] which consists of two single tube 
heat pipes connected by two U- tubes of same 
diameter at the top and bottom ends. For this purpose, 

the copper tube of 5.78 mm ID is used with methanol 
as the working fluid. Analysis of the experimental 
data gives that the axial wall temperature of both 
condenser and evaporator sections increase with 
increase in heat flux and decrease with the increase in 
coolant flow rate. The thermal resistance of MLPHP 
decreases with the increase of both coolant flow rate 
and thermal load. Overall heat transfer coefficient 
increases with the increase of both coolant flow rate 
and heat flux. 
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The heat transfer analysis of laminar film condensation 
is an important area for the design of heat exchangers. The 
study of this class of the heat transfer problems represents a 
fundamental branch that permit to obtain a better thermal 
design and control of fin´s performance. Here, we are 
interested in studying the laminar film condensation over a 
vertical film, taking into account that the viscosity of the 
film condensate is variable on the temperature. Since the 
pioneering paper of Nusselt (1916) simplifications and 
idealizations have been re-examined during the past decades 
in order to improved the simple Nusselt´s theory. On the 
other hand, several investigators (Memory and Rose, 1994) 
have considered effects of variable properties on laminar 
condensation process. It is well known that the temperature 
dependence of viscosity is much stronger than that of 
density and thermal conductivity; consequently, viscosity 
variation in the dominant variable-property when calculating 
the heat transfer coefficients (Kandlikar, 1999). For example, 
Fujii (1991) using a reference temperature given by 

( )1ref w vT T T=Ω + −Ω  evaluated the viscosity of the condensed 

fluid, with 3/4Ω=  for free convection, and 2/3Ω=  for 

forced convection condensation. Here, wT  and vT  are the 

wall and vapor temperatures, respectively. However, in the 
above works the thermal boundary conditions for the fin´s 
material were to assume isothermal conditions or arbitrary 
temperature distributions. 

Méndez and Treviño (1996) solved the problem (using 
perturbation and numerical techniques) of laminar film 
condensation on a surface of a thin vertical plate caused by a 
forced cooling fluid. 

In order to obtained new solutions where 
non-isothermal conditions are present, in this paper  we 
analyze the conjugate laminar film condensation on the 
external sides of a vertical fin, fig. 1, including the variable 
viscosity of the condensing fluid as a function of the 
temperature for the condensing fluid. The base of the fin is 
maintained at a uniform temperature 0T . The heat flux from 

the condensed phase to the fin is influenced strongly by the 
presence of the extended surface with finite thermal 
conductivity, due to that longitudinal and transverse heat 
conduction effects become significant. In this work, we use 
perturbation methods and the boundary layer description for 
the condensed fluid flow to show that the longitudinal and 
transverse heat conduction through the plate depend on four 
non-dimensional parameters: Jakob number, Ja , the 
conjugate heat transfer parameter, α , the aspect ratio of the 
fin, ε , and β  takes into account the effect of the variable 

viscosity. Parameter α  represents the ratio of the 
conductance of longitudinal heat conduction in the fin, to the 
conductance for transverse heat convection through the 
condensate. We develop a theoretical analysis for some 
values of α  and we compare the analytical solutions with 
the results obtained using numerical techniques. 

 
 

 
Fig. 1. Physical model sketch. 
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Abstract 
Multiphase flow of viscous liquids is an area that has 
received little attention by both academia and flow 
assurance engineers in the oil exploration and production as 
well as in the process industries. 
Existing multiphase flow mathematical models and 
correlations are wholly based on experimental data with low 
viscosity liquids, in most cases water, with viscosity of 1.0 
mPa s. In practice, some heavy oil wells are flowing oil with 
viscosity as high as 1000 mPa s. Therefore, a wide gap 
exists between actual laboratory and field conditions which 
leads to poor design knowledge. 
This work investigates the effects of liquid viscosity on flow 
pattern in vertical two-phase flow using mixture of glycerol 
and water to produce test liquids of different viscosities. 
The liquid and air are mixed and flow along a 5mm 
diameter pipe to allow flow to develop. It then passes into a 
T-junction where part of the flow was diverted into the 5mm 
side arm. Measurements of liquid and gas flow rates 
emerging from the two outlets of the junction were made to 
determine the phase split. Void fraction data were acquired 
from electrical resistance measurements made between pairs 
of flush mounted ring probes located around the T-junction. 
The outputs of the electrical circuits logged using LabView. 
The time series of void fractions were used to obtain 
Probability Density Functions. The shapes of PDF plot 
against void fraction for various viscosities at the same flow 
conditions displayed a systematic effect of viscosity on flow 
pattern formation. Existing flow maps also exhibited a 
significant of increase in liquid viscosity as they indicated 
flow regimes where they were not expected. 
The phase split also showed a systematic effect of viscosity. 
For a 3.6 mPa s liquid, the split results were very close to 
those for water. In contrast, when the viscosity was 
increased to ~15 mPa s, for a given gas take off, the liquid 
take off was higher the more viscous the liquid. Liquid film 
thickness, deduced from the void fraction data were also 
seen to increase with viscosity. Entrained liquid also 
increased with increased viscosity as evident in the work of 
McNeil et al (2003) and Mori et al (2001) respectively but 
constant for the conditions tested. 
The phase split results have been compared with the models 
of Azzopardi(1999),Shoham(1988) and Sliwicki-Mikielwicz 
(1988). 
 Figure 1 shows the good agreement achieved between 
experimental data and predictions of the existing models.  
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Figure 1 Comparison between experimental data for phase 
split and the predictions of Azzopardi, Shoham and Sliwicki 
-Mikielwicz models. 
Gas superficial velocity = 15.2 m/s; liquid superficial 
velocity = 0.13 m/s, liquid viscosity = 18 mPa s 
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Abstract  
 
The presentation is devoted to a so called alternative 
approach in the convection theory. Starting from the exact 
conservation laws of mass, momentum and energy, a 
hierarchy of the models in the convection theory was 
constructed: the Navier-Stokes equations for compressible 
fluid �  the model of weakly compressible fluid (V.V. 
Pukhnachov, 2003) �  the model of microconvection of 
isothermally incompressible fluid (V.V. Pukhnachov, 1991) 
�  the Oberbeck-Boussinesq model. The microconvection 
model and the model of convection of weakly compressible 
fluid are characterized by a non-solenoidality of velocity 
field. These mathematical models and the classical 
Oberbeck-Boussinesq equations with temperature dependent 
viscosity are applicable to investigation of many applied 
problems of convection: convective fluid flows under low 
gravity, in small scales and at fast changes of the boundary 
thermal regimes. 
Principal issues (existence and uniqueness) relating to 
well/ill posed initial boundary value problems for the 
alternative models of convection are considered. For 
three-dimensional problems for the classical 
Oberbeck-Boussinesq equations the existence of a global 
Hopf's solution is proved. For two-dimensional case the 
theorems of existence and uniqueness of the generalized 
strong and weak solutions are proved. For microconvection 
equations a solvability of the non-standard problems are 
studied. The theorem of existence of solution in the classes 
of the Hoelder functions is proved. For the convection 
equations of weakly compressible fluid the initial boundary 
value problems with general temperature condition on the 
boundary are studied. The local theorem of existence of 
smooth solution in the classes of the Hoelder functions is 
proved. 
The most bright qualitative and quantitative differences from 
the classical results (the non-Boussinesq flow effects) are 
obtained by the simulations for the non-stationary flow for 
alternative models of convection. Stationary gravitational – 
thermocapillary convection is investigated numerically in a 
semicircular region with free boundary. The classical 

Oberbeck-Boussinesq model and the model of 
microconvection are compared due to simulations. The 
bright qualitative differences in flow characteristics are 
observed, when boundary thermal regime has a local 
singularity. Figures present the possible pictures of velocity 
fields simulated due to the model of microconvection and 
the Oberbeck-Boussinesq model for a silicon  
Numerical solutions are obtained for various Prandtl,  
Marangoni and Rayleigh numbers. A range of examples of 
the numerical simulations are presented.  
 

 
 

 
 
Figure 1: (a) fMicroconvection; (b) Oberbeck-Boussinesq.  
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Abstract

The experiments show that the flow velocity influences
greatly on the boiling intensity. Thus all the liquid oc-
cupying 4-m length high pressure horizontal tube converts
into vapour within 0.3 seconds after its sudden depressur-
ization (the experiment of Edvards, O´Brien 1978). While
the liquid-vapour boundary is kept up within tens of seconds
after a slow vessel depressurization in microgravity condi-
tions when the boiling proceeds in practically motionless
flow (Hanaoka et. al 1985). The difference in the mode
of boiling in speed and slow flows is such notable that the
boiling in speed flows bears a special name reflecting its ex-
plosion - like character - flashing. The hypothesis explaining
a flashing nature by the bubbles fragmentation is offered. A
mathematical model based on the equations of conservation
and considering bubbles break-up possibility has been build
up and approbated. Calculations with this model simulate
the features of boiling flow under high pressure vessel de-
pressurization: 1) the pressure installation at a certain level
less than the pressure of saturation but greater than an atmo-
spheric one within 0.1 ms after the tube opening, 2) the boil-
ing front propagation from the tube exit towards its closed
side with the speed of tens metres per second; a sharp vapour
content increasing up to 1 in this front is followed by the pres-
sure drop from the constant level installed at the wave stage
up to an atmospheric one. The ability of the model consider-
ing the possibility of bubbles fragmentation to predict boil-
ing flow dynamics demonstrates the physical reasoning of the
idea of bubbles break-up role in speed flow. The considera-
tion of bubbles fragmentation possibility permits to model
the boiling in fast and slow flows in the frames of one math-
ematical model. Bubbles are considered to originate by the
same mode in slow and speed flows, on the walls, but the sys-
tem can quickly ´´forget´´ their initial number due to multiple
bubbles breaking in speed flows. That explains a volumetric
character of boiling in speed flows, when the flow dynamics
does not depend on the wall area per mixture volume. The
examination of different theories of the development of in-
terfacial surface instability for experimental data simulation
has shown that the bubbles fragmentation is caused by dif-
ferent mechanisms. At the wave stage of efflux the bubbles

break-up is caused by a centrifugal acceleration of bubble´s
surface owing to its fast growth. The reason of bubbles frag-
mentation at the main stage of efflux is the perturbations of
the side bubble surfaces due to the difference in phase veloc-
ities. Multiply bubbles fragmentation is shown to lie in the
grounds of an explosive evaporation in boiling fronts.
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Abstract 
 
It is widely accepted that two complementary mechanisms 
exist in the influence area of nucleation site which contribute 
to efficient cooling of heating surface in partial nucleate 
boiling regime. The first one is adhesive microlayer 
evaporation beneath the base of growing bubble which takes 
place during the contact time (Judd and Hwang, 1976). 
Transient heat conduction is second mechanism and it 
governs thermal boundary layer reformation during the 
waiting time. Periodical stripping of thermal energy 
accumulated in superheated liquid layer caused by cyclic 
bubble activity in the influence area is often referred to as 
enhanced convection. In this approach convective 
contribution to overall heat flux are included merely 
indirectly through the frequency of ebullition cycle 
(Benjamin and Balakrishnan, 1996).  
Vast majority of mechanistic models dedicated to this regime 
treats bubbles as passive agents whose hydrodynamics 
features after departure does not affect heat transfer in great 
extent. It is known that solid body which moves trough 
initially quiescent fluid induces flow in its vicinity. This 
induced fluid movement, named drift flow, distorts initially 
fixed material surface situated perpendicular to the body 
path, displacing fluid forward in regions close to the where 
the body passes, and displacing fluid far from the body 
backwards. Benefits from drift flow analysis developed in 
past for translational movement of rigid body through the 
inviscid fluid is considerably restricted when more complex 
flow conditions exist. Viscosity effects, boundary constraint 
due to the boiling surface and zero-shear-stress interface of 
moving bubble have all to be considered in assessment of 
drift flow contribution in the wake of rising bubble over the 
nucleation site. In contrast to enhanced convection 
mentioned before, a drift flow mechanism can be recognized 
as direct contribution of convection caused by bubble 
activity (Beer and Durst, 1968). 
To quantify this contribution, partial nucleate boiling regime 
has been investigated experimentally using PIV 
measurement technique. A single nucleation site has been 
artificially produced on highly smoothed Si wafer. Upward 
facing boiling surface of this wafer has been immersed in 
deionised water at atmospheric pressure and uniformly 
heated maintaining constant wall superheat by circulating 
fluid on its lower side. Pulsed laser sheet has been directed 
to pass through the bubble chain originating from nucleation 
site and illuminate seeding particles entrained in the flow. 

Time delayed particle displacements within interrogation 
areas of CCD chip have been captured by synchronically 
triggered PIV camera.  
Velocity distribution over the influence area of nucleation 
site is evaluated through the different stages of ebullition 
cycle. It has been recognized that after inception the bubble 
interface passes through five different stages. Successively, 
these stages are hemispherical expansion, vertical elongation, 
base shrinking, bubble departure and rising. For each of 
these stages an instantaneous velocity distribution is 
presented qualitatively by PIV plots and also quantitatively 
by the velocity component distribution diagrams. 
Statistically evaluated morph-cinematic matrices have been 
introduced to describe characteristic vapour bubble 
formations of non-interacting and interacting bubbles. By 
virtue of findings presented here it might be possible to 
estimate a convective contribution in the overall heat flux 
removed from the boiling surface in partial nucleate boiling 
regime. 
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   Fluidized-bed heat exchanger has a very high heat 
transfer performance, and this characteristic is explained by 
three dominant mechanisms, i.e. gas convection, particle 
convection and radiation components. In practice, among of 
these components, the particle convection is the most 
important one. This particle convection is substantially 
caused by the void or bubble movement, thus the overall 
behavior of the bed-material can be referred to as the flow 
pattern. In this view point, authors have reported the 
visualization results by using the neutron radiography with 
heat transfer characteristics.(e.g.  Furui 2005). 
   In this paper, in order to consider the influence of the 
restriction of particle movements on the heat transfer 
characteristics, a fluidized-bed heat exchanger with annulus 
fin was experimentally investigated. The outer diameter of 
heat exchanger tube was 20mm with 100mm in length, and 
several numbers of fins, 40mm with in outer diameter and 
5mm in thickness, were equipped. The pitch of the fins (P) 
can be adjusted( P=5mm, 10mm, and 20mm in this 
study).On the surface of fin, nichrome film (3 µm in 
thickness) was equipped, and heated by Joule heating. This 
heat exchanger tube was submerged into the test section, 200 
mm in width, 100mm in depth, and bed-material height was 
350mm. The fluidized-bed material was silica sand(Φ210 
µm). 
   In the experiment, void fraction movement was 
measured by using X-ray radiography simultaneously with 
the measurement of heat transfer coefficient. Moreover, to 
estimate the fluidized-bed material movement itself, Neutron 
radiography was used in this investigation. In the 
visualization of the Neutron radiography, particle tracers 
made by B4C was mixed into the fluidized-bed material, and 
PTV was applied. 
   The example of the experimental results is shown in 
Fig.1. In Fig.1 the time-averaged heat transfer coefficient is 
plotted against the time–averaged void fraction together with 
Martin’s calculation results(Martin 1980). In legend, degree 
represents the circumferential position, i.e. 0 degree 
corresponds to the bottom of the tube, and 180 degree to the 
top of the tube, respectively. Also, y represents the distance 
along the fin surface from the heat exchanger tube surface. 
As shown in figures, the heat transfer coefficient of narrow 
fin pitch (P=5mm) drastically decreases compared with that 
of the P=10mm case, owing to the restriction of the particle 
movements.  
   These results, of course, can be used in designing of the 
fin tube fluidized-bed heat exchanger. Such a formed tube 
may become suitable the obstacle for particle movement 

without any reduction of the heat transfer performance to 
reduce the erosion. 
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Fig.1 Heat Transfer Coefficient. 
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Abstract 
 
The aim of this work is to present theoretical aspects as well 
as experimental results on three phase fluidization bioreactor. 
In fact, to design properly and scale-up such reactors, it is 
essential to understand the complex hydrodynamics of 
gas–liquid–solid fluidized beds where flow behaviour has a 
significant influence on mixing characteristics and various 
transfer processes. Since the four last decades a lot of work 
has been achieved about this system but still some 
mechanisms remain none understood and are more complex 
when we include biochemical processes as refinery 
wastewater treatment to remove hydrocarbons. To operate 
efficiently, the bioreactor needs preliminary to get stable and 
favourable conditions in term of hydrodynamics. For that 
purpose, bed expansion characteristics, gas and solid 
hold-up in co-current three-phase fluidized beds with 
Newtonian fluids are discussed with obtained experimental 
data for solid particles from group B. Furthermore a simple 
model based on biofilm composition and growth is 
discussed.  
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Abstract

Bubbly flow can be found in many chemical and pharma-
ceutical industrial fluid flow applications such as in bubble
columns and aerated stirred reactors. In order to accurately
predict bubbly flows by using numerical methods, reliable
interaction models as well as accurate representation of the
continuous phase turbulence are required. In this work we
consider a bubble column. For the gas phase the Lagrangian
Particle Tracking (LPT) method is used, and Large Eddy
Simulation (LES) is applied for the liquid phase.

Using a combination of LES and LPT may in some appli-
cations lead to conflicting requirements on the resolution of
the computational grid. In LES the resolution should be well
within the inertial subrange of the energy spectrum. Often the
Taylor micro-scale is used as recommended value. LPT, on
the other hand, requires that effects of the bubbles should be
considered as local, i.e. from a computational point of view
the bubble is approximated as a point source. Hence, the
bubble volume should be much smaller than that of a com-
putational cell. However, in many industrial applications, for
example stirred bioreactors, there is a fairy wide range of
bubble sizes present and these are often in the same order of
magnitude as the Taylor micro-scale. The requirements for
LPT will then not be met leading to a less accurate solution.

The purpose of this study is to, by combining LES for the
liquid phase and LPT for the gas phase, investigate the per-
formance of LPT in the limit of large bubbles. Especially
we want to investigate the proposed strategy in order to de-
termine the potential for increasing the accuracy of the solu-
tion. This includes for example understanding the influence
on the solution of different ways of distributing the effects
of the dispersed phase on the finer grid levels. Hence, spe-
cial handling of the gas phase is required if the bubbles are
large (i.e. close to the grid resolution). In the present work
we utilize the multi-grid structure of our in-house CFD soft-
ware in order to solve for the different phases on different
grid resolutions, thereby meeting the requirements from both
LES and LPT and thus improving the accuracy of the so-
lution. Hence, the continuous phase flow is solved on the
finest grid level available. The dispersed phase is solved on
some coarser level where the resolution is in agreement with
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Figure 1: Time averaged liquid velocity in the bubble col-
umn at z/H=0.78. The bubble size was set to 4 mm. The
bubble volume over the computational cell volume was cal-
culated to 3, 8 and 22% for the W/h=14, 20 and 28 grid res-
olution, respectively.

the LPT-requirements. The effects of the dispersed phase is
then introduced as source terms in the momentum equation
and transferred back to the finest grid using the multi-grid
algorithm. The method is evaluated for bubble sizes in an in-
termediate range between the ranges where the LPT is valid
and invalid. The large structures and the turbulent kinetic
energy of the flow is to be studied and compared to experi-
mental data Deen (2001). Also, the effects on gas hold-up
for varying superficial gas-velocity bubble diameter are con-
sidered. The test case is a square sectioned bubble column
(WxWxH=0.15x0.15x0.45 m) with air bubbles injected into
water through a sparger at the bottom of the column. In Fig-
ure 1, the time averaged liquid velocity for different grid res-
olutions is compared to experimental data Deen (2001). The
L/h=28 resolution show a slight asymmetric velocity profile.
The reason for that might be that sampling time is not suffi-
cient to capture the low frequency oscillations of the plume.
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Due to their relative simplicity, their high contact 
efficiency and their good mixing properties, bubble column 
reactors are used in many chemical and petrochemical 
processes.  In particular, the Fischer-Tropsch kind of 
reactions can be implemented in a bubble column reactor. To 
be economically viable, their implementation involves very 
large column diameters. Until now, experimental 
investigations have been carried out in cold flow columns 
with diameters up to 1 meter. With the purpose of designing 
of a new reactor, two important parameters are needed: the 
centre line velocity and the axial diffusion coefficient. 
Several correlations giving these design relevant parameters 
have been proposed by many authors. However, these 
correlations show large discrepancies at higher diameters 
that are industrially used. Because experimentation at larger 
diameters is very expensive, computational fluid dynamics 
simulations of bubble columns represent a useful alternative.  

A CFD commercial code (Fluent 6) has been used to 
simulate the two-phase flow. A 2D non stationary 
Euler-Euler two-phase model is considered. Because the 
flow is buoyancy driven, the interaction between the liquid 
phase and the gas phase needs to be carefully modelled. 
Accordingly, a drag law that takes into account the effect of 
the bubble deformation and the gas volume fraction is 
implemented. A lift force has also been added and modelled 
using the model proposed by Tomiyama and al. (2002). 

However, the bubble diameter should be known in 
order to compute the interaction between the two phases. 
Therefore a population balance equation has been introduced 
to evaluate the Sauter mean diameter of the bubbles which is 
used in the interaction law. A model of Luo and Svendsen 
(1996) which takes into account the coalescence and 
break-up of the bubbles is used in parallel with a discrete 
description of the population. The initial distribution is 
uniform. The initial bubble diameter is obtained using a 
correlation developed by Gaddis and Vogelpohl (1993). 

In our work, many simulations have been carried out for a 1m 
column diameter and for different gas flow conditions. 
Simulation results are compared to our experimental data 
obtained with air and water. The CFD model compares 
favourably in terms of the global holdup and especially the 
velocity which approach satisfactorily the experimental 
values. The use of a discrete population balance model along 
with a relevant drag coefficient model allows the prediction of 
the velocity at the axis of the column with a good precision 
close to 10%. When adding a model for the lift force, the 
results are not better. The liquid centreline velocity which is 
an important parameter for the design of a bubble column 
reactor is overestimated. 
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Figure1. Gas phase volume fraction contours + liquid 

velocity vectors obtained without considering the lift force 
(Vsg=10cm/s). 
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Abstract 
 
An accurate prediction of two-phase flow behavior in light 
water reactors during normal operation and accident 
conditions is essential to the reactor operation and safety, in 
particular for the advanced passive light water reactor 
designs.  The two-fluid model is considered as the most 
detailed model due to its explicit treatment of the two 
phases. Past experiences, however, indicated that the 
accuracy of code predictions relies heavily on the 
constitutive relations in the two-fluid model, such as the 
interfacial area concentration, interfacial drag, etc.  The 
interfacial area concentration is one of the geometric 
parameters that characterize the capability of the interfacial 
transfer of mass, momentum, and energy between the two 
phases, and needs to be accurately modeled. 
 
In the past decade, a dynamic approach, namely, interfacial 
area transport equation (IATE), has been under development 
to take into account the bubble coalescence and 
disintegration, bubble nucleation, evaporation, and 
condensation (Kocamustafaogullari & Ishii, 1995; Millies et 
al., 1996; Wu et al., 1998; Yao and Morel, 2004).  As a 
result, one-group and two-group IATEs have been 
developed, respectively, for bubbly flow and flow regimes 
beyond bubby flow, such as cap-bubbly, slug flow, and 
churn-turbulent flows (Ishii & Sun, 2006).   
 
In the current study, an attempt is being made to implement 
the one-group IATE into a computational fluid dynamics 
code, namely, FLUENT, in which the bubble size is not 
dynamically modeled.  In the one-group IATE, the pressure 
effect on the gas expansion, bubble coalescence due to 
bubble random collisions driven by turbulence, bubble 
coalescence due to wake entrainment, and bubble 
disintegration caused by turbulent eddy impact have been 
modeled.  Currently, the interfacial area concentration is 
introduced as a user defined scalar and the one-group IATE is 
implemented to solve for the scalar. The interfacial area 
concentration is then linked with the source terms of the 
two-fluid model conservation equations. Under this approach, 
the bubble size is dynamically modeled through its relation 
with the interfacial area concentration and void fraction. 
 
Preliminary results indicate that FLUENT predicts the radial 
distribution of the void fraction in upward bubbly flow more 
accurately compared to that without the IATE.  Figure 1 
shows a comparison, in which air and water are introduced 
from the bottom into a vertical pipe of 50.8 mm inner 

diameter and a length of 3.1 m with superficial gas and liquid 
velocities of 0.13 and 0.49 m/s, respectively (Hibiki et al., 
2001). The void fraction wall peak measured in the 
experiment is qualitatively captured by the current approach 
with the IATE while the original FLUENT code shows an 
opposite trend in the region close to the pipe wall. 
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Figure 1: Radial void fraction distribution at z/D = 53.5. 
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Abstract 
 
A population balance model was developed in close 
cooperation of ANSYS-CFX and Forschungszentrum 
Dresden and implemented into CFX-10 (Frank et al. 2005, 
Krepper et al. 2007). The current paper presents the applica-
tion of the model to bubbly upward flow in vertical pipes for 
air/water and for steam/water bubbly flow. The experiments 
were performed at FZ Dresden-Rossendorf. Radial gas 
volume fraction profiles, the bubble size distribution and the 
gas velocity are measured by wire mesh sensors. 
Gas-liquid flow in vertical pipes is a very good object for 
studying the corresponding phenomena. Here, the bubbles 
move under clear boundary conditions, resulting in a shear 
field of nearly constant structure where the bubbles rise for a 
comparatively long time. Fig. 1 shows the measured and 
calculated radial gas fraction distribution in an air/water 
bubbly flow in a DN200 pipe 7.802 m above the gas injection. 
The superficial velocity for water, JW=1.067 m/s and for gas 
JG=0.14 m/s were specified. Two dispersed gaseous phases 
with a total of 21 size fractions were considered. Fig. 1 also 
shows the radial profiles of the gas fraction with respect to 
the two velocity groups. 
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Figure 1: Measured and calculated radial gas fraction 
distribution for air/water flow 

 
In the vertical tube steam/water tests at saturation tempera-
ture i.e. with limited mass exchange between the phases were 
performed. Compared to air/water tests the critical bubble 
size of changing the lift force sign shifts towards smaller 
values. The model is able to calculate the correct distribution 
of the radial gas volume fraction. Applying the bubble 
break-up approaches suited for air/water flow also to 
steam/water flow, the bubble break-up is overestimated. 
Finally the application to a bubbly flow around a half moon 
shaped obstacle arranged in a 200 mm pipe is shown (see 
Frank et al. 2007). The obstacle creates a pronounced 
three-dimensional two-phase flow field. The flow field was 
investigated in detail by varying the distance between the 

wire mesh sensor and the obstacle. CFD calculations 
applying the inhomogeneous MUSIG approach are presented 
in detail in the current paper. Fig. 2 shows the streamlines for 
the two dispersed phase groups. The separation process of 
the bubbles also plays an important role here for the correct 
simulation. 
Applying the inhomogeneous MUSIG approach a more deep 
understanding of the flow structure is possible. While the 
closure models on bubble forces, which are responsible for 
the simulation of bubble migration are in agreement with the 
experimental observations, clear deviations occur for bubble 
coalescence and fragmentation. Further work on this topic is 
under way. 

 
Figure 2: Streamlines for small (left side) and large (right 
side) bubbles around a half moon shaped obstacle 
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Abstract 
 
Our previous work (Monahan & Fox, 2007) showed that 
predictions of bubble-column flow regimes are highly 
dependent on the model formulation, which includes drag, 
added-mass (Cvm), lift (C), a bubble-pressure model (CBP), 
and a bubble-induced turbulence (BIT) model (CBT).  The 
numerical simulations require the bubble-pressure term in 
order to predict homogeneous flow at high gas holdup as 
observed in the experiments of Harteveld (2005).  In this 
work, linear stability analysis (LSA) is performed for the 
full three-dimensional model to examine the dependence of 
flow instabilities on model parameters. 
   We first show that horizontal modes are strongly 
stabilized by certain combinations of CBP and C, and 
identify two types of vertical instabilities: Type A, 
corresponding to the classical one-dimensional analysis of 
Jackson (2000), and Type B.  Type A modes can be 
stabilized by the parameter CBP, though the minimum value 
required increases with increasing gas holdup.  Type B 
instabilities result from the counteracting effects of bubble 
pressure and positive lift.  Simulations show that the flow 
profiles exhibit distinctly different dynamics depending on 
which mode is unstable, and that large-scale instabilities 
seen experimentally are most likely associated with Type B 
instabilities.  For Type B, the stabilizing function of the 
bubble-pressure model drives bubbles from regions of 
higher holdup to regions of lower holdup.  However, the 
lift force drives bubbles from regions of lower holdup to 
regions of higher holdup, which destabilizes the flow.  
Increasing the effective viscosity dampens flow instabilities, 
but this would not happen if BIT were sufficiently 
suppressed.  Thus, when the effect of positive lift is greater 
than that of the bubble pressure, the flow becomes unstable. 
   A possible scenario for transitions from homogeneous to 
heterogeneous flow at high holdups (as reported by 
Harteveld, 2005) is that bubble wakes are suppressed as gas 
holdup increases.  Qualitatively, this would correspond to a 
decrease in BIT.  As shown in Figure 1, lowering CBT until 
the Type B modes become unstable (while keeping Type A 
modes stable) yields a transition from uniform to turbulent 
flow at high gas holdup (αd0~0.5) for positive lift (C~1).  
This scenario differs from that reported by Lucas et al. 
(2006), who concluded that flow instabilities require 
negative lift.  It also differs from the scenario reported by 
Sankaranarayanan & Sundaresan (2002) for which columnar 
structures were observed in the cooperative-rise regime.  In 
our model, rise velocity is independent of gas holdup (as in 
the experiments of Harteveld, 2005). 
   To our knowledge, there are no previous reports in the 

literature describing either the Type B instability or 
turbulent profiles at large holdups due to a large positive lift 
relative to added-mass, bubble pressure, and turbulent 
dispersion.  A critical mode analysis shows that Type B 
instabilities originate in the horizontal components of the 
continuous- and dispersed-phase velocities.  We compare 
LSA predictions for the full 3D model to simulations, and 
then use the simulations to explore the flow structure after a 
Type B instability. 

 
Figure 1: Effect of lowering CBT (Type B instability) on 
water volume fraction at high gas hold up (αd0 = 0.5).  
Left: unstable.  Right: stable. 
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Abstract 
 
Reducing the pressure losses of steam separator systems of 
boiling water reactor (BWR) plants is effective to reduce the 
required pump head and enhance the core stability design 
margin. The need to reduce the pressure losses of steam 
separator systems is especially important in BWR plants 
that have high power density cores and natural circulation 
systems. The core flow rate of a BWR plant with a natural 
circulation system is affected by the pressure losses of steam 
separator systems. In BWR plants with high power density 
cores, the core stability design margin is affected by these 
pressure losses. Generally, reducing the pressure losses of 
the steam separator systems leads to increased carry-under 
and carry-over. Reducing the pressure losses while keeping 
the characteristics of both carry-under and carry-over is 
desired, so many studies on this have been done. 
As the first step, we researched the applicability of the 
two-phase flow analysis for the air-water two-phase swirling 
flows in a scaled-down model of a steam separator of a 
BWR (Fig. 1), and in parallel by using the scaled- 
down-model experiments conducted at Kobe University. We 
calculated a part of the steam separator including only the 
first barrel section, the standpipe, and the swirl vane section. 
We made an analysis model that was 1/8 of the whole by 
using the symmetry of the air-water separator. We divided 
this region into an analytical mesh of about 150,000 
segments. 
The analysis conditions conform to the experimental 
conditions (air mass flow rates: GQ = 66m3/h, 74m3/h, and 

82m3/h, water mass flow rate: LQ = 0.36m3/h) conducted at 
Kobe University. From the results of the two-phase flow 
analysis shown in Fig. 2, we found that the ratio of 
separated liquid flow is dependent on the particle Reynolds 
number. From the Fig. 2 and the experimental results of 
Kobe University, we confirmed that the particle size by the 
analysis result and the observation were the same order of 
dozens of m m. 
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Figure 1: Analysis model (Left) and swirler shape (Right). 
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Figure 2 The calculated results of the ratio of separated 
liquid flow for the particle Reynolds number. 
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Introduction 
  Microbubble has useful characteristics such as very large 
specific surface area, very slow rising velocity, and good 
adsorbability. In this study, therefore, the microbubble 
flotation was utilized to separation of fine particles from 
water. 
Experimental 
Microbubble flotation column 

The flotation column which was made of steel has 125×
125 mm cross section, 1.00 m in height and a couple of wide 
sight glass windows. At the bottom, a high speed spiral 
liquid flow type microbubble generator (Nanoplanet Co;., 
Ltd.: Type M2-LM) was set as gas distributor, in which gas 
was crushed to a lot of microbubbles by large shear stress 
due to the spiral liquid flow in the equipment. 

Air was fed into liquid through the microbubble generator 
in 1.0 L/min. To make the spiral liquid flow in the 
microbubble generator, the liquid was circulated through it 
in 19.5 L/min using a pump.  
Carbon particles and surfactants used 

Fine carbon powder whose mean diameter is ca. 1 µm was 
used as the suspended particles. Tap waster tap water 
slightly added some kinds of surface active agents was used 
as continuous liquid phase. 
Results and Discussion 

The size distribution was measured using the photograph 
method. The mean diameter of the bubbles was 50 to 60 µm. 
The minimum and maximum diameter was 15 and 140 µm, 
respectively, which were independent from the kind of 
surfactants. 

During 10 minutes bubbling, the fine carbon particles 
were removed from the liquid phase. The concentrated 
carbon particles were recovered in foam layer at the top of 
the flotation column. 

 
Figure 1 shows the pictures of samples from the liquid 

phase. The initial concentration of suspension was 100 ppm. 
It was obviously observed that the color of liquid changed 

from black to clear. 
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Figure2 shows the time course of particle concentration 

in liquid phase C [mol/L] for 90 minutes bubbling. A cation 
surfactant CATB whose critical micelle concentration is 9.20
×10-4 mol/L was added into water in 1.84×10-4mol/L, 
which correspond to only 20 % of CMC. For 50 minutes, the 
concentration of carbon particles decreased to 1/10 of the 
initial concentration. 

By those results, the particle removal model was proposed 
as follows: 

fda CkCk
dt
dC

−=−             (1) 

where Cf is particle concentration in foam layer, ka and kd are 
a coefficient for carbon adsorption on microbubble and a 
coefficient for desorption of particle due to bubble breakage. 
The carbon particles adsorbed on microbubbles' surface rose 
with the microbubbles without exfoliation.  
In this study, ka and kd were determined 7.40×10-4 s-1 and 
7.37×10-6 s-1, respectively. 
Conclusions 

By the microbubble flotation, fine carbon particle 
suspended in water was recovered. The removal mechanism 
was presented by the rates of adsorption to microbubble and 
remixing due to bubble breakage.  
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Figure 2 Removal of suspended particles from bulk liquid 
phase 
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Abstract 

 
A device was proposed to separate sponge balls from water, 
used in the cleaning system of heat exchangers.  During the 
operation of heat exchanger, scale (due to impurities of 
coolant) usually accumulates on the inner wall of heating 
pipes as time goes by.  Therefore, it is necessary to clean 
the heating pipes regularly.  The cleaning system 
investigated here uses sponge balls which flow in heating 
tubes and remove scale.  The usual cleaning system using 
sponge balls has some problems.  One of them is a grid 
separator.   The grid separator is used for separation of 
sponge balls from water but sponge balls sometimes clogs 
on the grid.  The centrifugal separator proposed in the 
study is developed to solve the clogging problem. 
 
This experimental study was conducted to investigate the 
operational behavior of the centrifugal separator, aiming at 
improving its efficiency.  The circulation behavior of 
particles (simulating the sponge balls) in the rotating flow 
generated inside the transparent scale-down model of the 
centrifugal separator was examined.  Figure 1 show the test 
section.   The water and particles flow into the separator 
through the inlet pipe mentioned as (2) which axis is off the 
center of the main body of the separator.  The rotation flow 
is caused by the inlet flow.  The particles flow near the wall 
due to the centrifugal force and flow out from the separator 
through the extraction pipe as (1) with the conveying water 
flow.     

 
A Outlet for particles and conveying water  
    (extraction pipes) 
B Inlet for water and solid particles 
C Outlet for water only 

Figure 1: Test section 

In the experiment, the particle position was measured by 
image processing using a high speed camera and the 
trajectories were examined under the several flow rates.  
The particle potion on the cross section of the separator did 
not depend on only the inlet flow rate but also the conveying 
water flow at the extraction pipe.  The PIV measurement 
also showed that the velocity field near the extraction pipe 
changed with/without the conveying flow at the extraction 
flow. 
 
The separation efficiency was discussed based on the 
separation time which was the necessary time to separate 
certain number of particles (in this experiment, 100 
particles).  Figure 2 shows the estimated separation time for 
a real separator in the cleaning system for the heat exchanger.  
When the inlet flow rate was increased, the separation time 
became also short by the increasing centrifugal force. The 
separation time also decreased with the increasing of the 
convening flow rate.   Based on the separation time and 
the particle motion observed in the scale-down model, the 
actual separator was confirmed to be useful for the sponge 
ball clearing system.  Furthermore, a new aspect of the 
centrifugal separator was proposed. 
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Introduction 
To treat the organic waste water, the biological 
method is usually used in many industries and water 
purification plants. The aerobic microorganisms in 
active sludge decompose organic compounds to low 
molecular ones with oxygen consumption in aeration 
tank. On many aeration systems, the oxygen supply 
into water limits the rate of waste water treatment. To 
improve the oxygen dissolution into water, it is 
available that the size of air bubbles is reduced. If 
bubbles are crushed by some additional power 
devices such as pump, stirrer and so on, however, the 
cost must increase. 
In this study, a novel aerator which consumes almost 
no additional power was developed to generate 
bubbles that diameter is smaller than 1 mm. 
 
Slit orifice aerator 
When gas is inputted from a round orifice to water, 
bubbles grow so stably that their size is to be large. 
On the other hand, when the shape of the orifice is 
slit-like, the instability is caused on bubble expansion.  
The developed aerator consists of multiple layered slit 
plates. Every plate has slit orifice so that the number 
of orifices can be changed by laminating as shown in 
Figure 1.  

Gas inlet

Slit orifice

Gas inlet

Slit orifice

 
Figure 1. Laminated slit orifice plates as aerator 

 
Experimental  
The mean size d of N2 bubbles dispersed in tap water 
was measured using a high speed video camera. The 
effects of the width W and the length L of the slit 
orifice on the bubble size was investigated. The 
suitable pitch of the orifices was also investigated. 
 
Results and Discussion 
Figure 2 shows the photograph of generation of 

submillibubbles from a single slit orifice. The bubbles 
formed from several point on a slit. All bubbles were 
less than 1 mm. 

 
Figure 3 shows the mean diameter of bubbles from 
some slit orifices. The narrower the slit width W, the 
smaller the bubble formed. When W ≤ 30 μm, the 
bubble size was less than 1 mm. 
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Figure 3. Effect of slit width on bubble size 

 
Conclusions 
The slit orifice aerator with no additional power device 
was developed. When the width was less than 30 μm, 
the submilli-sized bubbles were distributed.  
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W=30μm 
L=10mm 
QG=10cm3/min 

Figure 2. Submillibubble dispersion from single slit 
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Abstract 
 
In the last years multiphase pumping became a significant 
technology in the oil and natural gas producing and 
proceeding industry, since it allows to deliver multiphase 
flow directly from the well to the processing facilities 
without any separation units in-between. Thus the mixture 
of crude oil, gas, water and sand can by conveyed by a 
compact and less costly system, which becomes significant 
especially for offshore applications (Müller-Link 2004). 

 
In this context multiphase screw pumps are used to deliver 
gas-liquid-flows, because of their ability to handle 
gas-liquid-flows over a wide range of gas volume fractions 
up to 100 percent gas for short periods. The working 
principle of screw pumps is volumetric pumping. Two 
axially parallel intermeshing screws and an encasing 
housing form chambers inside the pump, in which the 
mixture is moved through the pump due to the inversely 
rotation of both screws. 
 
At the Institute of Multiphase Processes, Leibniz University 
Hannover, a model for calculating the delivering behaviour 
of multiphase twin screw pumps is derived (Rausch 2006), 
which is also applicable for pumps with screws with 
declining pitch (Scharf 2006). Since the pressure profile 
inside a pump and thus the delivering behaviour of screw 
pumps is significantly affected by internal backflows over 
different gaps, intensive investigations on gap flows are 
important in order to calculate the delivering behaviour.  
 
Adjacent chambers are connected by three different types of 
gaps. The circumferential gap is placed between the tip of 
the screw threads and the liner, while the radial and flank 
gap are placed between both screws. Depending on the 
pressure difference between adjacent chambers, the gas 
volume fraction in the chambers, the fluid properties and the 
rotational frequency of the screws fluid flows from one 
chamber to another over the three different gaps. 
 
By means of the theoretical model the different gap flows 
are calculated in dependence of the mentioned parameters. 
Furthermore the flow fields within the gaps are investigated 
by computational fluid dynamics and the resulting mass 

flows are compared to those determined by the theoretical 
model. In order to estimate the effect of the different gap 
types on the delivering behaviour of the pump a comparison 
of the different gap flows is done. The calculated effective 
delivery flow rate of a multiphase screw pump is compared 
to experimental results. 

 

 
 

Figure 1: Twin screw pump  
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Abstract

Reactors of industrial size in biochemical engineering areof-
ten designed based on experience and empirical approaches.
Optimization of these reactors requires systematic proce-
dures. Simulation is an obvious tool since systematic
changes are easily applied without building expensive facili-
ties each time.

Bio-technical processes such as the production of baker’s
yeast are based upon multiphase flows. Especially static
gassing systems give transient flows. Thus, simulations are
performed in transient and three-dimensional manner. The
solid phase can usually be neglected when the properties of
the continuous phase are adjusted with respect to density, vis-
cosity and surface tension.

The production of microorganisms takes several hours.
Simulating the hydrodynamics on sufficiently resolved grids
in small time-steps causes a demand on computing power
such that cosimulation of hydrodynamics and growth can-
not be done in adequate time. Sequential cosimulation is
proposed as solution sequentially calculating hydrodynamics
and growth (Figure 1).

For the simulation of hydrodynamics the reactors are dis-
cretized into a few hundred thousand finite volume elements.
Due to computational restrictions the number of elements
used for simulating growth has to be reduced to several
thousands. The representative reduction is done by self-
organizing maps (SOM). A special SOM algorithm is called
neural gas (NG). A fix but reduced number of points is ran-
domly distributed on the grid. Subsequently, the positions
and values of the random points are iteratively shifted pro-
ducing a representative set. The points have a simular num-
ber of nearest neighbours of the original grid with maximum
inter point distances at the same time. Related values are ad-
justed correspondingly.

Interface parameters are exchanged switching the modules
between calculations (Figure 1). Significant changes are re-
lated to concentrations of the microorganism, substrates and
products. Volume changes are also considered. Results of
the simulation of growth are interpolated to the grid of the
flow field as initialization of the CFX calculation.

The history of the gaseous phase related to fluid dynam-

ΛNSYS CFX

ΛNSYS CFX

yeast oxygen sink

MATLAB

MATLAB

Volume Volume

class fraction

class oxygen fraction

Concentrations Concentrations

Surface Tension

Time

Figure 1: Sequential Cosimulation in Principle with its In-
terface Parameters

ics is considered. Thus, sequential cosimulation actuallyal-
lows simulating production processes of microorganisms on
industrial scale. The simulation results can be used to opti-
mize reactors and their internals as well as related biochem-
ical processes. This method shows good performance and
better predicts growth than overall models.
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Separation of particles with reference to their size is 

commonly regarded as classification. Classification of 

particles is feasible on sieves or screens when the 

environmental fluid has low viscosity and exerts only minor 

forces to the particles compared to gravity or other body 

forces. Dry as well as wet sieving are known as proper 

processes. Another option is sedimentation thus taking 

advantage of the different settling velocities of large and 

small particles. This long known process is applied e.g. in 

air sifters for separation of particles at cut off sizes xc 

< 100 mm.  

The situation is more complicated when the density 

difference between particles and the fluid is minor or 

negligible and the suspending fluid in addition is viscous.  

Such cases can e.g. be found in biological systems and 

applications as in cell separation or in the case of gel 

particle separation from polymers. Classical methods like 

repeated comparison of mesh width to the particle sizes as 

in classical screening operations are practically prohibited 

due to the strong interaction between particles, fluid, and 

mesh. Therefore a separation process is desired with large 

particle d to channel diameter D ratios and a process able to 

perform the separation in one or at least in few transits 

through the separation arrangement. 

In tubes with circular crossections suspended particles 

in laminar flow are deflected from the walls [Buggisch and 

Muckenfuss] and give rise to a layer, free of particles close 

to the wall. The drift of particles is scaled to the particle 

diameter. In intermediate Reynolds number flows, 1 < Re < 

30, an annular shaped zone of accumulated particles could 

be observed [Segrè and Silberberg, Baukhage] leaving the 

center of the tube also free of particles. Large particles, i.e. 

particles with diameter d/D > 0.5 however tend to be 

transported with their center closer to the tube axis. In Fig. 

1 the transport velocity of particle with different sizes were 

obtained from tracking experiments. These data are 

compared with different models taking into account the 

laminar flow pattern within the tube. Even though there are 

distinct deviations from theoretical values the displacement 

velocity and the recalculated radial position of the particles 

clearly depend on their size. 

In order to separate the particles at large duct 

dimensions after their radial spread in the incoming duct, a 

flow expansion is provided at the duct outlet, which in case 

of low Reynolds number flows has more or less the 

character of an ideal and free source flow lacking any wall 

effect. After some distance from the tube exit, a larger 

second tube is arranged to collect the particle following 

streamlines close to the center of the incoming duct. 

Smaller particles moving on streamlines close to the walls 

of the incoming duct are allowed to flow around the second 

tube. Thus a flow split takes place containing different 

particle size fractions. The flow rate through the second 

tube is adjusted by a pump. 

First results on the separation efficiency of this 

classification method are presented. 

 

 

 

 
Figure 1: Related particle velocities as function of the 

related particle size. The measurement data are near the 

theoretical values assuming r*/R = 0.75 for d/D < 0. They 

show a pronounced dependence on the particle size. The 

related radius is defined as r*=(D-d)/2. 
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The addition of small amount of surfactants into 
turbulent flow can reduce friction drag greatly (Li et al. 
2001a, b). A new approach to energy saving is to add both 
surfactant and antifreeze into water cooling medium for 
reducing friction drag and temperature of working fluid 
simultaneously. By using surfactant drag reducers, about 
80% in savings on pumping energy requirement can be 
achieved, and by using 20wt% ethylene glycol in water 
(20wt EG/W) cooling medium, the outlet temperature of the 
working fluid in the central station can be reduced to -5 oC, 
doubling the temperature difference between the inlet and 
outlet of the central station for the same returning 
temperature of 15 oC, and thus allowing the mass flow rate 
of the circulating fluid to be reduced by a factor of two for 
the same cooling capacity. Therefore, it is of great 
importance to study the drag-reduction behaviors of 
surfactant solution in EG/W solvent at subzero temperatures. 

In this paper, experiments were conducted to study the 
drag-reduction performances of a commercial cationic 
surfactant solution (Oleylmethylbis ammonium chloride) 
and a newly synthesized zwitterionic surfactant solution 
(Oleyl trimethylaminimide) in a two-dimensional channel. 
For testing the drag-reduction at subzero temperatures, a 
20% ethylene glycol aqueous solution (EG/W) was used as 
solvent. The surfactant concentration ranged from 50 to 
1000 ppm and the temperature was –5 and 25 oC respectively. 
The turbulence features of the surfactant drag-reducing flow 
were measured by using PIV (particle image velocimetry) 
technique.  

It was found that both surfactant solutions showed 
drag-reducing characteristics, and the drag-reducing 
characteristics were affected by concentration and 
temperature, as shown in Fig. 1. The maximum drag 
reduction was 83% at 25 oC for the 200 ppm zwitterionic 
surfactant solution.  

The addition of NaNO2 enhanced the drag-reduction 
performance at low temperatures and low concentrations, 
whereas it had a negative effect on the drag-reduction 
performance at high temperatures and high concentrations. 

The turbulence structures were greatly modified by 
surfactant additives, as shown in Fig. 2. For the 
drag-reducing flows shown in Fig. 2(b), the vorticity 
fluctuation became weak in intensity and small in spatial 
size, and contributions from wall ward and outward 
interactions were comparable to sweep and ejection motions. 
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Figure 1: Friction factors versus Reynolds number for EO12 
drag-reducing flow in a two-dimensional smooth channel 
 
 
 
 
 
 
 
 
 

(a) EG/W solution flow 
 
 
 
 
 
 
 
 

 
(b) ZA/NaNO2/EG/W drag-reducing flow (50 ppm) 

Figure 2:  Instantaneous velocity and vorticity fluctuation 
field in the x-y plane 
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Gas-liquid mixing in stirred vessels is ubiquitous 

within industry. For bioreactors, gas dispersions is 
traditionally carried out using radial disc turbines such as 
the Rushton turbine. However, improved performance has 
been observed with axial flow impellers. Additionally, the 
use of an up-pumping mode has been demonstrated as a 
more efficient means of dispersing the gas phase than a 
down-pumping mode for some types of hydrofoil impellers 
(Nienow et al., 2004). 

Cell damage is also an issue in the operation of 
bioreactors, particularly for animal cells where the cells are 
of delicate construction due to the lack of a cell wall. 
Despite substantial evidence that cells are not damaged by 
fluid shear, but by the action of busting bubbles at he liquid 
free-surface which can be mitigated by the addition of 
anti-foam agents (e.g. PluronicTM), this myth still persists 
within industry. Some newly designed ‘Elephant Ear 
Impellers’ (EE), with large solidity ratio and deep blades, 
have been marketed as low shear impellers due to their large 
swept volume and good gas dispersion characteristics. 

Particle Image Velocimetry (PIV) is a ‘whole field’ 
imaging technique which obtains a near-instantaneous 
velocity field within a plane in a flow illuminated usually by 
a laser sheet. Average flow field behaviour and turbulent 
flow parameters can be extracted from multiple image pairs. 
This technique has recently been applied to gas-liquid flows 
by Aubin et al. (2004), who compared mixing performance 
in an aerated tank using both up- and down-pumping 
pitched blade turbines (PBT). 

To perform PIV in a two-phase system, it is necessary 
to separate the movement of the seeding particles, which are 
assumed to follow of the liquid, from the motion of the gas 
bubbles. This was accomplished by using red fluorescent 
seeding particles which emit light at 575 nm. A 545 nm 
band pass filter is fitted to the camera, which only allows 
light with a wavelength greater than 545 nm to pass through 
and this blocks out incident laser light (532 nm) which is 
scattered by gas bubbles or the liquid free-surface. Hence 
this allows the velocity field of the liquid phase only to be 
obtained. 

In this paper, the hydrodynamics of the liquid phase in 
a model aerated bioreactor of diameter, T=0.15 m, stirred by 
up- and down-pumping ‘Elephant Ear’ (EE) impellers 
(D/T=0.45) have been studied using Particle Image 
Velocimetry (PIV). Air flow rates, of 0.01 to 0.05 vvm 
(typical for animal cell culture) and 0.5 vvm were used.  
PIV was used to obtain the average velocity field from 500 
image pairs in a vertical plane in the tank. The Power 
number, global flow field and turbulent quantities have been 
studied.  Measured turbulent power numbers Po were not 

affected upon gassing, i.e. Pog/Po ≈ 1 for the up-pumping 
mode.  For the down-pumping EE impeller, Po decreased 
by up to 30% at the highest gas flow rate.  The presence of 
gas does not have a significant effect on global flow field 
and mean liquid velocities at lower gas flow rates, but for 
higher flow rate of 0.5 vvm, aeration slightly alters the 
liquid flow pattern and liquid velocities were decreased by 
aeration for both up- and down-pumping EE impellers. 
Maximum values of turbulent kinetic energy (TKE) are also 
relatively unaltered, but the distribution of TKE in bulk of 
liquid phase changes significantly and the mean values are 
decreased.  Flow numbers decrease by 20-30% from the 
single phase values at the highest gas flow rate studied.  
The results show that the up-pumping mode provides a 
more stable flow configuration with higher gas-hold-up than 
the down-pumping mode for these class of agitators. A 
sample averaged flow field for the liquid phase in the gassed 
condition is shown in Fig. 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a)                     (b) 
 
Figure 1: Time averaged flow fields at H/T=1, N=300 rpm 
and at gas flow rate Q=0.01 vvm for (a) EEU; (b) EED. 
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This paper presents the simulation of a two-phase flow across
a 60 ◦ inclined tube bundle. The calculation is done with
the Neptune-CFD code developed by the French Atomic En-
ergy Commission and Electricité de France with the support of
AREVA-NP and the French Institute for Nuclear Safety (Bestion
et al. 2006). The flow under study belongs from an experimental
program, called MAXI II (Soussan et al. 2001), and dedicated to
both kinematic disequilibrium and frictional pressure drop inves-
tigations. The motivation of such experimental studies is the un-
derstanding of the flows in the steam generators present in PWR
nuclear power plants, in particular in the U-bend area in order to
prevent damages due to induced vibrations.

Void fractions and gas velocities are measured using bi-optical
probes inside an elementary cell located in the center of the de-
vice and oriented perpendicular to the tubes. There are 149 mea-
sured points and nine of them are directly compared to the nu-
merical simulation.

Neptune-CFD is based on a cell center finite volume method
and solves a six equation two-phase flow model. The turbulence
effects on both phases can be modelized by several modelings
(k− ε, Tchen). There is also a library of closure laws to modelize
the interfacial transfers.

In order to limit the CPU time of the simulations in this first
approach, the computed domain is a reduced one of the actual do-
main. In the experimental device there are 40 rows of five tubes
while in the numerical simulation we have retained only 11 rows
of five tubes. The investigated cell is located between the 7th and
the 8th rows. This has been determined with preleminary calcula-
tions where the computed parameters of the flow downstream the
tube bundle have been compared with the experimental results.
The computational mesh has 144160 hexahedron cells.

The MAXI II experiment operated under several average con-
ditions (void fraction and mass flow rate). The fluid was the
Freon114 at 9 MPa and 351 K in order to simulate the steam
generator operating conditions. In this study we present the sim-
ulation of a test with an average void fraction equal to 20% and
a mass flux equal to 300 kg/m2s. The flow is assumed to be a
bubbly flow. As a result, the turbulence modeling for the liquid
phase is the k − ε model and for the gas phase it is the Tchen
model.

The comparison of the measured and computed values of both
the void fraction and the gas velocity leads to the following re-
marks : considering the void fraction, at the center of the elemen-

391,5 mm

97,5 mm

row 2

row 1
p

97,5 mm

θ

row 11

Stabilisation plate

row 10

Figure 1: MAXI II experimental device

tary cell and at the middle of the gap between the tubes, the com-
parison is good and the computed values are inside the measure
uncertainties, whereas close to the wall of the tubes the computed
void fraction overestimates the experimental values. Considering
the gas velocity, the computed values underestimates the mea-
sured values.

As there are very few 3D two-phase flow detailed experimen-
tal data of both the void fraction and the gas velocity inside a
central subchannel, and regarding to the complexity of the flow
under study, we consider that the computed results are of interest.
The ways of improvement would be : mesh refinement, in par-
ticular close to the walls and the modeling for the interfacial area
based on a transport equation that has been recently developed in
Neptune-CFD.
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Critical heat flux (CHF) is an important thermal 
hydraulic parameter that limits the available power during 
normal operating condition of the light water reactor (LWR). 
Because the CHF results in a sudden rise in the fuel 
temperature, the CHF should be avoided for the integrity of 
the fuel assembly of the nuclear reactors. A fuel assembly of 
the nuclear reactors includes the unheated rods to insert 
control rods or in-core detectors as well as to replace 
damaged fuel rods during the operation. These unheated 
rods may change a radial power distribution and eventually 
affect on the local thermal hydraulic properties in the sub 
channels and the CHF. Besides the existence of the unheated 
rods, the spacer grids with mixing vanes which support the 
fuel assembly are key factors affecting the local thermal 
hydraulic properties in the subchannels. In most operating 
nuclear reactors, the spacer grids with mixing vanes have 
been adopted to improve the homogeneity of local properties. 
Recently, Hybrid Mixing Vane was developed by KAERI [1], 
which comprises two types of vanes; primary vanes for a 
cross flow between subchannels, and secondary vanes for a 
swirl flow within the subchannels.  

Among the mathematical parameters to describe the 
interchannel interactions, the thermal diffusion coefficient 
(TDC) has been used in the subchnnel analysis code such as 
the MATRA [2] to simulate the thermal hydraulic condition 
of the inner-part fuel assembly of nuclear reactor. In general, 
the subchannel analysis code adopts the TDC to simplify the 
interaction between the adjacent subchannels. The accuracy 
of the subchannel analysis is fairly dependent on the 
modeling of interchannel exchanges such as diversion cross 
flow and turbulent mixing. The TDC is affected by the 
geometry of the mixing vane and axial distances from spacer 
grids. Especially, turbulent mixing parameter (β) is 
determined considering the mixing performance of the 
spacer grid; it generally has the range 0.005 ~ 0.05.  

In this study, single-phase thermal mixing tests were 
performed to find the turbulent mixing parameter. Local 
fluid temperatures in the subchannel were measured from 
the thermal mixing tests using the FTHEL (Freon Thermal 
Hydraulics Experimental Loop) facility and estimated from 
MATRA code analyses varying the turbulent mixing 
parameters. From this estimation, the best optimized 
turbulent mixing parameter was proposed for the Hybrid 
Mixing Vane. The optimized value of β was found to be 0.02 
by considering prediction statistics, i.e., average and 
standard deviations of the differences between the 
experimental results and code calculations. Using the 
optimized value of β as 0.02, the MATRA code predicts the 

test results of the fluid temperature within ±1.0 % of error.  
After the completion of the TDC tests, the CHF 

experiments were carried out to investigate the effect of 
unheated rods on the CHF performance. The experimental 
results were compared with the all heated rod bundle test 
results focused on the total power and the averaged heat flux 
at the CHF condition. According to the experimental results 
on CHF of 5 non-heating guide tubes, the case with 
non-heating guide tube showed a little good performance in 
terms of CHF. CHF trends have two gradients with 
increasing the mass flux and the gradient in the low mass 
flux is steeper. In the inlet subcooling of 40 and 55 kJ/kg, 
plateau of CHF was observed despite increasing of mass 
flux. At this specific region, the exit quality is transient from 
subcooled to saturated condition as shown in Fig. 1. The 
reasonable guess might be that the specific region in the 
bundle with unheated rods occurs by the sudden transition of 
CHF mechanism from dryout to DNB.  
 
 

 
 

Figure 1: CHF variation according to the exit quality 
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The turbulence structure of bubbly flows is one of the 
important subject matters in multi-phase flows. Since the 
bubbly flow has multitudinous scales of flow structures in 
complicated coexistence, it is necessary to approach 
systematically to the bubbly flow regarded as a hierarchy 
structure of multi-scales. 

In our previous papers at ICMF-2001 New Orleans, 
FEDSM2003 Hawaii, and ICONE11-2003 Tokyo, we had 
measured the velocity profiles around bubbles in bubbly 
flows using an Ultrasonic Velocity Profile monitor (UVP) 
within the limits of 400 < ReB < 1200 in bubble Reynolds 
number and elucidated the existence of the boundary layer 
around each bubble and its characteristics. The bubble 
boundary layer has also the transition from laminar to 
turbulent. The critical bubble Reynolds numbers are ReB,crit ≈ 
1000 without the influence of leading bubbles and ReB,crit = 
600-750 under the influence of leading bubbles, respectively. 
In the bubble Reynolds number range considered, zigzag 
rising bubbles are observed in bubbly flows. 
 Zigzag rising motion of a bubble is a typical motion of 
bubbles in bubbly flows. Vortices shedding oscillatory 
behind a bubble and the wake of the bubble turning 
periodically similar to a sign of inequality are regarded as 
the most fundamental causes of the turbulence excited in 
bubbly flows, because these phenomena produce an 
alternating lift force.  

Nakagawa, et. al. (2006) had already developed a 
spinning sphere model, which enable to treat more exactly 
with the actual lift production, and considered the lift 
production on a zigzag rising bubble trailing a hairpin vortex 
on photographic evidence. We explicated fluid-dynamically 
the alternating lift production on a rising originally nonspin 
bubble and the zigzag turning of its path, and we proposed a 
chain process as a fluid-dynamic mechanism which 
produces rising bubbles zigzag motion. 

 In this paper, we develop a novel concept and a 
universal model for the bubbly turbulent flow excited by 
zigzag rising bubbles as a complex system. We assume a 
buffet which is an elementary effect of the hairpin vortices 
shed periodically from the leading bubbles on the trailing 
ones in bubbly flows, and propose the chains of buffeting as 
the chain process where the leading bubble’s wake makes 
the trailing one’s boundary layer transit successively from 
laminar to turbulent. Therefore, we discuss the phase 
transition of complex system to the self-organizing critical 
structure by the above-mentioned buffet chains in bubbly 
flows as a model for bubbly turbulent flows. 
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Void fraction and interfacial area are two key 

geometric parameters that accurately specify the phase 
interaction terms in the context of two-fluid models.  The 
dynamic computation of the interfacial area concentration 
dispenses with the use of flow-regime dependent 
correlations or fixed morphology characterized by a single 
size scale.  The model coefficients for the one group 
interfacial area transport equation (IATE) applicable to 
bubbly flows originally derived by Kim et al. (2002) are 
revisited.  A multi-objective optimization approach is 
pursued instead of an isolated parameter method.  The goal 
of using the optimization method is to demonstrate the 
utility of such an approach. 

The nine flow conditions originally considered by Kim 
et al. (2002) are shown in Figure 1.  These cases would be 
classified as bubbly flow cases with respect to the flow 
regime map of Mishima & Ishii (1984); flow regime 
boundaries delineated through visualization experiments are 
also included in Figure 1.  Of note, Run 8 is a transitional 
case, extending into a cap bubble regime.  This is 
significant because the double wire conductivity probe used 
in the experimental measurements of Kim (1999) is not 
capable of characterizing two group interfacial area 
dynamics.   

The one group IAT models have six adjustable input 
parameters for the source and sink terms to be set by 
comparisons to experimental data: for the wake entrainment, 
CWE; for the random collision, CRC; for the turbulent impact, 
CTI; a critical Weber number, Wecr; and constants 
approximating the normalized collision length scale, C, and 
the maximum void fraction, maxα , in the random collision 
sink.  The constants presented in Kim et al. (2002) were 
derived by modeling the contributions of individual source 
and sink terms to the interfacial area concentration and 
arriving at values by matching runs with dominant 
mechanisms, i.e., isolating individual parameters.  For 
example, the wake entrainment constant is determined from 
Run 6 and turbulent impact constant is determined largely 
from Run 9.   

In the current work, the test data from bubbly flow 
experimental conditions are considered and a multi-objective 
optimization approach is used to determine the six adjustable 
constants.  To perform the optimization on the model 
constants, modeFRONTIER (ver. 3.2.0, ES.TEC.O srl, 
Treiste, Italy) will be used to drive MATLAB (ver. 7.1, The 
MathWorks, Inc., Natick, MA) simulations of the one 
dimensional drift flux formulation of the problem.  
Objective functions are constructed to minimize the error 
between the computed and experimental interfacial area 
concentration across the range of bubbly flow conditions.  

Certain reasonable limits to the parameter space, e.g., to the 
critical Weber number, will be applied as appropriate.  The 
goal of this analysis is to regenerate the modeling constants 
using a different approach and show the usefulness of higher 
level analytic tools.  Eventually, multi-objective 
optimization could be used for pointwise comparisons to 
experimental data with the one group IATE implemented in 
a two-fluid computational fluid dynamics code.  This 
approach would relax some of the assumptions in the drift 
flux modeling related to the liquid velocity profile, but 
introduce additional complications related to the 
computation of the turbulent dissipation necessary in the 
turbulent impact and random collision sources.   
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Figure 1: Flow regime map for the bubbly conditions with 
respect to flow regime boundaries. 
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In order to develop a predictive grinding model not only 
the material’s reaction to applied stress but also the stressing 
conditions within the mill (e.g. impact velocity, incidence 
angle, number of stress events) have to be known (Vogel & 
Peukert 2005). The latter once are strongly affected by the 
interactions between the air and the solid phase within the 
grinding device.  

The present work deals with the experimental and 
numerical investigation of the two-phase flow in an air 
classifier mill (Fig. 1). The mill itself consists of a rotating 
disk with four grinding pins at its periphery and an impeller 
wheal classifier integrated into the top section of the mill 
chamber. The diameter of the rotating grinding disk is 200 
mm and the one of the classifier is 100 mm. Both parts rotate 
with a speed up to 11000 rpm. After the particles are fed to 
the grinding zone of the mill, they are stressed by the rotating 
grinding pins and then transported by the main air to the 
impeller wheel classifier. The main air is sucked through an 
inlet positioned under the grinding disk and enters the mill 
through a gap between the rotating plate and the impact ring. 
The fine particles leave the mill together with the main air 
throughout the classifier, while the coarse material is rejected 
and transported by the internal circulation back to the 
grinding zone. 

Using Particle Image Velocimetry (PIV) techniques the 
time dependent full-field velocity distributions of the air and 
the solid phase in the regions of the impact elements and the 
classifier have been obtained. The air flow visualisation 
studies have been used to verify the numerical calculation of 
the one-phase flow within the mill. The model used for the 
computations of the air flow is the Shear Stress Transport 
model of Menter (1994). The model works by solving a 
turbulence/frequency-based model (k-ω) at the wall and k-ε 
model in the bulk flow. A blending function ensures smooth 
transition between the two models. Due to the fact that the air 
classifier mill has three frames of reference, the disk, rotating 
around a vertical axis, the classifier, rotating around a 
horizontal axis and the casing, tube and pipe, all of them 
stationary, it is necessary to perform a multiple frame of 
reference (MFR) numerical calculation. The interface 
between the different frames of reference is taken to be a 
Frozen Rotor General Grid Interface (GGI). The calculation 
is performed by a commercial CFD solver (CFX). 

After a short introduction to the peculiarities of the 
single flow within the air classifier mill the characterization 
of the two-phase flow is presented. For the numerical 
calculation of the two-phase flow Euler-Lagrange framework 
with a two-way coupling between the phases is adopted. The 
typical solids loading for operating air classifier mills lie in 

the range between 0.1 and 1 kg solid/kg air. At such loadings 
the particle motion is more influenced by the aerodynamic 
forces acting on the particles than by particle-particle 
collisions. Therefore particle-particle interactions are not 
taken into account in the model. The main emphases of the 
experiments and the calculation is the determination of a 
particle impact velocity distribution and an impact angle 
distribution functions at the impact element as well as 
characterization of the separation efficiency of the classifier.  
 
 

 
 
Figure 1: Air classifier mill 100 ZPS (Hosokawa Alpine 
AG). 
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Abstract

The liquid turbulence structure of air-water bubbly flow in
a 200mm diameter vertical pipe was experimentally investi-
gated. A dual optical probe and hot-film anemometry were
used to measure the bubble and the liquid turbulence char-
acteristics. The experiments were performed for three liquid
superficial velocities of 0.2, 0.45, and 0.68m/s and gas su-
perficial velocity in the range 0.005 to 0.18m/s. The corre-
sponding area averaged void fraction was in the range 1.2 to
13.6%, and the bubble diameter varied from approximately 3
to 6mm.

The void fraction profiles had a core-peak distribution for
most of the flow conditions. However, a wall peak void dis-
tribution was observed at low void fraction flows up to a void
fraction of about 4%. The axial and radial turbulence intensi-
ties and the Reynolds shear stresses increased as the gas flow
rate was increased at a constant liquid flow rate. However,
a turbulence suppression was observed near the pipe wall at
the highest liquid superficial velocity for area averaged void
fraction of about 1.6%.

The liquid and gas axial momentum equations were solved
to obtain the interfacial drag force, and hence the liquid tur-
bulence production due to the bubble velocity relative to the
liquid. The liquid turbulence production by bubbles was
found significantly higher than the corresponding turbulence
production due to the liquid shear stress indicating the liq-
uid turbulence kinetic energy in two-phase flow is generally
governed by the bubble turbulence production. The effect
of the bubbles on the liquid turbulence kinetic energy budget
was investigated from the global (non-local) point of view as-
suming isotropy to estimate the liquid dissipation. The bub-
ble production was approximately balanced by the viscous
dissipation across the pipe cross sectional area, where no ad-
ditional dissipation due to the bubbles was observed.

The liquid spectral (local) turbulence kinetic energy equa-
tion was also investigated in this study, where a model for
the bubble-production spectra was developed. The spectral
energy transfer from the bubbles to the liquid turbulence is
suggested to occur by two mechanisms; (a) the stretching of
the liquid turbulence eddies over the bubble surface, which
creates an additional shear stress, and (b) the displacement
of the liquid turbulence eddies by the bubbles. The latter
mechanism was found more pronounced especially near the

pipe wall.
Figure 1 shows the approximate spectral turbulence energy

budget at the centerline and near the wall corresponding to lo-
cations of turbulence augmentation and suppression, respec-
tively. In the core region most of the bubble production spec-
tra occurs in the low wave number range with small overlap
with the dissipation region. In the suppression case, most of
the bubble production occurs in the dissipation wave number
range. There is no clear separation of scales in the latter case,
with most of the bubble production being directly dissipated
at the same range of length scales.
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Figure 1: Spectral energy budget at relative radius (a)
0.0 and (b) 0.95, where [ 3 Bubble production spectra, ◦
Viscous dissipation spectra, and ∗ The difference between
them].
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1. Introduction 

Natural convection heat transfer along a heated plate is 
widely seen in a variety of heat exchangers such as solar 
water heater. The heat transfer enhancement for the natural 
convections provides high efficiency to the heat exchangers. 

So far there has been gas-bubble injection as one of the 
techniques of enhancing the heat transfer for the natural 
convection of liquid along a heated vertical plate. In the 
present study, we use the micro-bubble injection technique 
in order to enhance the heat transfer for the water natural 
convection along a heated vertical plate. In most cases, the 
residential time of the micro-bubbles in a boundary layer is 
relatively long because the micro-bubble diameter is much 
smaller than the boundary layer thickness. Therefore, the 
micro-bubbles interact with liquid in the vicinity of a heated 
plate for a long time, and as a result, it is possible to enhance 
the heat and momentum transports of liquid remarkably at a 
relatively low bubble flow rate. However, flow and heat 
transfer characteristics for the natural convections of water 
with micro-bubbles have not yet been fully understood. 

The purpose of this study is to experimentally investigate 
the effects of the micro-bubble injection on the water natural 
convection along a vertical plate with uniform heat flux. The 
thermocouples and the PTV (Particle Tracking Velocimetry) 
technique are, respectively, applied to temperature and 
velocity measurements (Note that the temperature 
measurement is performed for both laminar and turbulent 
regimes while the velocity measurement is performed for 
only the laminar regime). 
 
2. Experimental setup 

Figure 1 shows a schematic diagram of the apparatus. The 
apparatus consists of a container, a vertical plate with 
uniform heat flux, a micro-bubble generator, a cooling plate, 
a low-temperature thermostatic bath 1, a low-temperature 
thermostatic bath 2 and a DC power supply. The vertical 
plate with uniform heat flux is attached to the inner sidewall 
of the container. The micro-bubble generator is set at the 
bottom of the container. A cooling plate is set at the top of 
the container in order to keep the liquid temperature distant 
from the heated plate T∞ constant. Low-temperature water is 
circulated in the cooling plate by the low-temperature 
thermostatic bath 1. 
 
3. Results and discussion 

Figure 2 shows the relationship between the wall heat flux 
and the heat transfer coefficient ratio hx/hx0 in the laminar 
regime. In this figure, hx0 is the heat transfer coefficient 
without the micro-bubble injection, and the error bar is the 

standard deviation. The results are as follows. 
(1) For all the cases, the heat transfer coefficient ratios are 
much higher than 1.0 as a result of the micro-bubble 
injection. This result enables us to expect that the 
micro-bubble injection is a promising technique for 
effectively enhancing the heat transfer. 
(2) At both measurement positions, the heat transfer 
coefficient ratios increase with the bubble flow rate. In 
addition, the differences in the heat transfer coefficient ratio 
for different bubble flow rates are roughly unchanged in 
most of the wall heat fluxes. In general, the number of 
bubbles attached to the wall increases with the bubble flow 
rate. These bubbles lead to a decrease in the mean thermal 
conductivity near the heated plate because the thermal 
conductivity of hydrogen bubbles is much lower than that of 
water. Therefore, it is possible that the increasing rate of the 
heat transfer coefficient ratio for the bubble flow rate 
decreases at high bubble flow rates. 
(3) At both measurement positions, the heat transfer 
coefficient ratios decrease as the wall heat flux increases. 
This means that the micro-bubble injection technique is 
effective under a relatively low wall heat flux condition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Schematic diagram of the apparatus. 
 
 
 
 
 
 
 
 
 
 
        (a) x=70 mm              (b) x=170 mm 
Figure 2: Relationship between wall heat flux and heat 
transfer coefficient ratio at x=70 and 170 mm. 
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Abstract 
 
This paper reports the current research status at NMRI 
toward practical application of microbubble, i.e. small air 
bubbles injected into the turbulent boundary layer, to ships 
as a drag reduction device. In order to obtain information on 
how much drag reduction is obtained in case microbubble is 
applied to a full scale ship, a 50m-long flat plate (1.0m 
width) was towed at 7m/sec, a typical cruising speed of a 
large tanker ship, in the 400m towing tank. Air was injected 
at the bottom, and not only the reduction of the total drag 
but also that of local skin friction were measured in a scale 
comparable to full scale (Kodama et al. 2004). Recently, in 
order to prevent injected air bubbles from escaping from the 
sides, end plates of 5cm height were attached on the two 
sides of the flat plate. Figure 1 shows comparison of the 
measured local skin friction with and without the end plates. 
The horizontal axis shows ax , the downstream distance 
from the injection point located at 3m from the bow end, 
and the vertical axis shows the ratio of the local skin friction 
in the bubble case fC to that of the non-bubble case 

0f
C . 

The effect of the end plates is significant, and the skin 
friction reduction effect of approximately 50% by injected 
bubbles is well maintained up to the downstream end. This 
suggests that, in case microbubble is applied to a full scale 
ship, the skin friction reduction effect persists for a very 
long distance and, therefore, significant drag reduction is 
expected. 
 
The paper also reports the propeller performance tests in 
bubbly flow, using two different size of propellers, both in 
non-cavitating and cavitating conditions. The 
two-dimensional wing section, whose shape agrees with that 
of the tested propeller at the 70% radial location, was also 
tested in bubbly flow (Figure 2). These results show that the 
propeller efficiency, or the lift-to-drag ratio of the wing 
section, is reduced in bubbly flow at small angles of attack, 
while it is much less affected at large angles of attack. 
 
The paper further reports the two full scale experiments. In 
the first experiment, where the training ship 
"SEIUN-MARU", of length Lpp=105m, was used, the 
maximum drag reduction of 5% and net energy saving of 
2% by microbubbles was obtained. In the second 
experiment, where the cement carrier "PACIFIC 
SEAGULL", of length Lpp=120m, was used, the air 

bubbles injected at the hull side did not go to the hull 
bottom sufficiently, and therefore, the maximum drag 
reduction was only 1%. In order to improve the drag 
reduction efficiency, various experimental studies 
mentioned above were carried out. Based on those results, 
another full scale experiment is planned in September this 
year, when the net power saving of 7% is expected.  
 

 
Figure 1: Skin friction reduction effect with and without 
end plates (50m long flat plate, U=6.173m/s, air injection 
rate aQ =1.4m3/min). 
 

 
Figure 2  2D wing section in bubbly flow (void ratio 

a =1%) 
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Productivity of filamentous fungi highly depends on their mor-
phology. According to cultivation conditions the formation of
free mycelia or pellet growth are possible. In the present report,
the development of pellet shape morphology is examined. Ad-
ditional to physiological conditions, like pH-value and medium
composition, the fluid dynamic influence plays an important role
on pellet morphology (Grimm, 2005, and Kelly, 2006).

Agglomerates from conidia and hyphae are mechanical
stressed by power input due to stirring and aeration. Hence as
a result of flow interaction, exposed hyphae are shaved off. The
fragments of sheared hyphae are able to reagglomerate and to
form new pellets. Pellets with a radial variable density arise from
these fragments. Because of the small dimensions of hyphae (∅

ca.5µm, length ca.100µm), it can be assumed that turbulent and
small scale eddies are responsible for this process.

The fluid dynamic conditions in the bioreactor are described
with numerical simulation. The mean velocity field is calcu-
lated by means of solving the Reynolds averaged Navier-Stokes
(RANS) equations. These equations contain an additional term,
called reynolds stress tensor. As there are new unknown vari-
ables, a turbulence model for closing the equations is needed. In
this case the shear stress transport (SST) turbulence modeling is
used, which applies empiric closing conditions for the turbulent
kinetic energy (TkE), dissipation rate and eddy frequency trans-
portation equations.

Validation is carried out by particle image velocimetry (PIV).
This technique allows to measure mean and instantaneous veloc-
ities in a high spatial resolution. This data can directly compared
with numerical results.

A simulation of a 20L bioreactor with a 3-staged rushton tur-
bine was set up and convergence of the numeric grid was reached.
The comparison of the simulated results and PIV data shows, that
the mean radial velocity component (Vradial), figure 1, and the
distribution of turbulent kinetic energy (TkE), figure 2, are in
good agreement.

To compare the simulation with experiments due to mechanical
stress in non-biological clay-floc systems (Pilz, 2006), volumetric
integrals of turbulent quantities, like TkE, will be computed,
which can be correlated with global values from the mechanical
stress. By means of knowledge about the fluid-particle interac-
tion, the question how to get a biopellet with an optimal mor-
phology, may be answered.
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High speed coating processes are central to many industriesin
the final stages of production of photographic films and papers,
protective finishes and adhesive layers. Optimising production
rates requires understanding of the mechanisms causing defects
in the coating. The most common defect is characterised by air
entrainment at the contact line, the intersection of the liquid-gas
interface with the solid. Curtain coating is a gravity-driven flow
which exploits the hydrodynamic pressure created under a falling
film to suppress air entrainment to higher coating speeds to the
order of 1000 m/min.

Curtain coating experiments using dry substrates (Blake etal.,
2004) have been used previously to show that the dynamic wet-
ting problem, i.e. the displacement of a gas by a liquid from a
solid surface, is dependent upon the global flow field.

We present new experimental data using a pilot scale cur-
tain coating facility using a pre-wetted surface for Newtonian
glycerol solutions liquids with a nominal viscosityµ = 0.117
Pa s, substrate speeds 0.15 ms−1 ≤ U ≤ 2.3 ms−1 and cur-
tain heights 0.03 m≤ h ≤ 0.2 m, producing similar param-
eter regimes to commercial coating (Re = ρQ/µ = O(1),
We = ρQuc/σ = O(10), Ca = µU/σ = O(1)) with a typi-
cal pre-wetted film thickness,c ∼ O(10−6) m. The onset of air
entrainment was determined in solutions with and without sur-
factant in order to elucidate the relative importance of surface
tension in this inertia-dominated system.

The results show a remarkably strong dependence upon the
global hydrodynamics (Marston et al., 2006a), as with dry sub-
strates (Blake et al., 2004), including the curtain flow rateand
height (impingement speed) -hydrodynamic assist. We also show
that air entrainment using a pre-wetted surface is subject to hys-
teresis i.e. the speed at the onset of air entrainment is not nec-
essarily the same as the speed at the clearance (Marston et al.,
2006b).

The results for the surfactant-free solution conform to previ-
ously derived correlations for air entrainment, whilst forthe solu-
tions containing surfactant, the stability boundary is considerably
different. In some cases, upto a three-fold decrease in maximum
speed was observed, see figure 1. In addition to this reduction in
speed, it is seen that the presence of surfactant leads to a decrease
in the overall degree of hydrodynamic assist and a significantly
more complex hysteresis. Multiple speeds for the onset of air en-
trainment are observed for a given flow rate. This effect is not

observed in the surfactant-free case and has only been previously
reported for curtain coating of Newtonian liquids onto roughened
surfaces (Clarke, 2002) where the underlying mechanism is qual-
itatively different.
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Figure 1: Onset of air entrainment for a 119 mPa.s glycerol so-
lution with 0.3% SDS.h = 6.6 cm. Also shown is the original
curve for the surfactant-free solution (µ = 117 mPa.s).
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A numerical model for the gas assisted injection of sand intoa
cavity is presented. These complex multiphase flows are regarded
as a basic model of the core shooting process, which is a widely
used processing technology in the foundry industry. They are re-
cently analyzed by means of numerical simulation by Sang-Woo
& Lih-Sheng (2004) and Rong-Yeu & Wen-Hsien (2001). Ex-
periments of the process are performed with a core shooter. The
filling process is visualized by tracing the sand within the cav-
ity through transparent front and back panels as shown in figure
1. Filling times are deduced from the experimental observations
and corresponding numerical simulations.

Figure 1: View through the transparent front panel of the rectan-
gular cavity in the core shooter experiment with granular jet and
moving granular material

A rheological model for the granular phase is used in order
to describe the material by means of continuum mechanics. The
rheological equation of state is integrated in the numerical model.
The parameters of the rheological model are determined by a new
developed rotation viscosimeter.

The flow equations are integrated according to the finite-
volume-method. The Volume of Fluid method is employed in
order to describe the free surface flow. The phase interface is
resolved by the method of geometric reconstruction and for com-
parison by a surface compression method. The governing equa-
tions of the flow are solved by means of the commercial code
FLUENT as well as the open source code OpenFOAM. The re-
sults are compared and show good agreement.

Figure 2: View into the computational domain with isosurface of
volume fractionα, isosurface of the yielding viscosity and vec-
tors of velocity in the region with moving granular material

Non-newtonian behavior of the filling flow depending on the
injection parameters is evident in the experiment and the simula-
tion. Phenomena like the yielding viscosity, shown as an isosur-
face in figure 2, are compared and show good agreement.

Different filling patterns are evident. They are characterized
and arranged with respect to the similarity parameters of the flow.
Again, the results of the simulation are found to agree well with
the experimental observations.
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An experimental and numerical study of a wind-driven rivulet
break-up at the trailing edge of a horizontal plate was carried out.

The experiment setup is a 20mm thick, 260 × 300mm2 plate
with a 1mm circular water inlet centered on top of the plate. The
ambient air flows on both sides of the plate. As the water is in-
troduced, the ambient air will form a rivulet that travels towards
the trailing edge of the plate. The rivulet breaks-up, at the trailing
edge forming droplets with sizes that depend on the flow rate and
velocity of the ambient flow.

The experimental part was done at Volvo Car Corporation us-
ing three different water flow rates (0.8, 0.5 and 0.2l/h) and four
ambient air flow velocities (11, 14, 19 and 25m/s). A high-
speed camera was used to visualize the water which contained
a flourecent liquid for easier post-processing. Every case was re-
peated ten times in order to obtain reasonably good statistics for
the pinch-off frequency and the second order droplets. The static
contact angle and surface tension were also measured.

Numerical simulations were carried out using the numerical
method volume of fluid (VOF) within the commercial software
FLUENT. The cases simulated were the experimental cases hav-
ing the largest experimental water flow rate. This choice was
based on earlier numerical generic studies of rivulets. It was con-
cluded that a low water flow rate did not predict a rivulet, but a
droplet train, on the plate in contrast to experiments.

The computational domain was discretized using a block-
structured boundary-fitted mesh. The choice of hexahedral mesh
was based on previous experience that showed poor performance
of the VOF method on tetrahedral/prismatic mesh structures
when there are strong gradients in the prismatic layer. The air
flow is calculated without a turbulence model. The boundary
layer is laminar upstream of the water inlet and matches the Bla-
sius profile.

The simulations show fairly good agreement with experiments
in terms of dreoplet sizes and velocity, but it under predicts the
results a little bit. This is probably because the rivulet arrives
at the trailing edge with too high velocity and does not want to
stay at the lower edge long enough to accumulate large droplets.
This is because the model does not include surface roughness and
dynamic contact angle.

∗Division of Fluid Dynamics, Chalmers University of Technology
†Volvo Car Corporation, Fluid Dynamic Center, Sweden

Figure 1: Rivulet flow over an edge
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Abstract

The structure of the air entraining region of a deep water,
turbulent bore has been experimentally studied. The bore is
created by placing a vertical sluice gate in the test section
of a recirculating water channel. Light scattered by the en-
trained bubbles was used to image the flow and the bubble
motion. The dynamics of the flow and the bubbles were an-
alyzed in a thin vertical plane aligned with the direction of
the mean flow and positioned away from the influence of the
boundaries. A typical flow image is shown in figure 1. A fea-
ture tracking velocimetry (FTV) technique, Melville & Ma-
tusov (2002), based on the same algorithm used in particle
image velocimetry (PIV), was applied to the analysis of pairs
of high speed images of the flow. This technique allows us
to study the large scale eddies in the flow and the cloud of
bubbles entrained. The velocity field extracted by FTV from
an image pair is superimposed on the image in figure 1.

The analysis of the instantaneous velocity field obtained
through FTV reveals the existence of large coherent vortices
that originate near the toe and grow as they are convected
downstream. Air entrainment is explained by the opening
and sudden closing of large cavities at the free surface due
to the passage of large scale vortical structures with associ-
ated high turbulent kinetic energy and low pressure. These
large cavities are then broken up into bubbles by the intense
turbulence fluctuations associated with the breaking events.

The large scale vortices that dominate this flow move with
constant convective velocity, similarly to the large coherent
structures in a classical mixing layer. The value of the con-
vective velocity, however, is lower than expected. To take this
into account, a shear layer stratified by the presence of the
bubbles is used as a model, and, following Dimotakis (1986),
leads to the expression for the convective velocity of the large
coherent structures, uc = (U++U−)/2−(g∆h)/(U+−U−),
where U+ is the free stream velocity, U− is the (negative)
minimum horizontal velocity found in the region close to the
free surface, g the gravitational acceleration and ∆h the max-
imum height difference found in the bore. Physically, the last
term accounts for the adverse hydrostatic pressure gradient in
the velocity of the vortices.

∗now at Departmento de Ingeniería Térmica y de Fluidos, UC3M, Spain
†now at Department of Mechanical Engineering, University of Washington
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Figure 1: Flow visualization. The velocity field has been
superimposed.
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Figure 2: Streamlines from the average velocity field corre-
sponding to one of the experimental sessions.

Only in the time-averaged velocity field, the classical
roller that has been used in the past to describe these flows
is recovered, as shown in figure 2. A recirculation region or
roller can be observed in the streamlines, even though there
is no recirculating motion in the instantaneous flow field (fig-
ure 1). The end of the entraining region corresponds quite
well to the end of the mean flow “roller”. In this region of
the flow, the kinetic energy of the vortices overcomes the po-
tential energy barrier and deforms the free surface, opening
large scale cavities and entraining air. The shear layer grows
linearly and, since almost no pairing events are observed, we
hypothesize that the growth is dominated by engulfment of
irrotational fluid analogous to the one described by Hernan
& Jimenez (1982) and Dimotakis (1986). This region ends
when the coherent structures can no longer deform the free
surface at a scale comparable to their size.
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Abstract
Detailed numerical simulations have been performed to study the effect of gravity on two-phase flow heat transfer (without
phase change) in small diameter pipes. Effect of the flow orientation with respect to gravity is investigated. Overall, the heat
removal rate in two-phase flow was shown to be significantly higher than in single phase flow. The downstream flow can be
characterized as a periodic flow around each bubble/slug rather, where the shapes of the inclusions and the flow around them
reach a repeatable state. The flow regime, viz. bubbly, slug, and slug-train is found to have a strong influence on the heat
transfer and pressure drop. The wall thermal layer is affected by the blockage effect of the inclusions, which manifests itself
in a circulating liquid flow pattern superimposed on the equivalent single-phase fully developed flow. The Nusselt number
distribution shows that the bubbly, slug, and slug-train regimes transport as much as three to four times more heat from the
tube wall to the bulk flow than pure water flow. For the flow against gravity, the breakup into bubbles/slugs occurs earlier and
at a larger frequency, although the average Nusselt number is not significantly different. A mechanistic heat transfer model is
proposed, based on frequency and length scale of inclusions.
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Abstract

Microfluidics is a recent and fast-growing field, which is
widely used in industry. Among the microfluidic geometries
used in the formation of droplet, the T-junction is one of these
most frequently used. As the practical applications often re-
quire precisely controlled formation of droplets, many exper-
imental studies have been conducted on this process. How-
ever, the geometry of T-junction is of such a small scale that
it is difficult to provide detailed information about the fluid
velocity field in for instance T-junction flow through exper-
imental observation. Numerical simulations can be used to
provide this.

We consider here the use of diffuse-interface methods for
the simulation of these flows (Jacqmin 2000). In this method,
an order parameter (here the volume fraction of one of the
fluids, denoted by C) varies relatively smoothly in an inter-
facial region of finite thickness. For the simulation of in-
compressible flows, the scalar field of C is advected by the
incompressible velocity field u (∇ · u = 0), whilst being
diffused due to spatial inhomogeneities of the fluids. The
spatio-temporal evolution of C is modelled by the convec-
tive Cahn-Hilliard (CH) equation

∂C

∂t
+ u · ∇C = M∇2φ, (1)

where M(∼ ε/L) is the mobility, φ the chemical potential.
Here, ε represents a measure of the thickness of diffuse inter-
face, and is much smaller than the global length scale L.

Compared with the popular interface capturing methods
such as Volume-of-fluids and Level-Set, diffuse interface
methods employ standard numerical techniques to track the
time evolution of the scalar field of the order parameter.
Thus, they enjoy the global volume conservation, accurate
computation of surface tension and ease of programming.
However, the existence of the diffuse interface restricts the
resolution of the scheme to the thickness of the diffuse in-
terface, which is usually four to eight meshsizes. In other
words, we are only able to capture the radius of the curvature
to this scale.

It is known that diffuse relaxation of the interface around
the contact line will inevitably result in an effective interfa-
cial slip, which is accounted for the interfacial diffuse fluxes
at the contact line (Jacqmin 2000). This distinctive way
of removing the stress singularity at the contact line makes

Stre
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Figure 1: Droplet pinch-off from a moving drop with
contact-angle hysteresis in a shear flow.

the motion of contact lines fully compatible with a no-slip
velocity boundary condition when using a diffuse-interface
method, and has been validated by simulations of droplet
spreading (Ding and Spelt 2007). It is also appreciated in
the simulation of flows with moving contact lines such as
formulation of droplets in a microfluidic T-junction.

We have implemented this method to study the motion of
a 3D droplet in a shear flow, which involves moving con-
tact line with hysteresis and pinch-off (see Fig. 1). Further
results for microfluidic T-junctions will be presented at the
conference, especially regarding the type of droplet forma-
tion (Garstecki et al. 2006). A range of values of rates of
flow of the dispersed and carrier fluids will be studied to show
their effects in controlling the size of formed droplets.
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The flow of highconcentrated water-oil dispersion in 
microchannels is accompanied by their restructurization and 
appearance of blocking phenomena (Akhmetov, Telin, & 
Glukhov 2004).  Water-oil dispersion widely extended in 
technological processes, which linked with oil transport and 
oil recovery, applied in nature capillary structure, when it is 
necessary to redistribute water-oil flows. If the blocking 
phenomena in flowing of suspensions in capillaries 
(Yamaguchi, E. & Adrian, R. 2004) intuitively is clear, then 
the dynamic blocking phenomena in flow of disperse system 
“liquid-liquid” in microchannels is unusual and wondering 
and its mechanism is unclear.  

The experiments were conducted with two types of 
emulsions (stabilized with artificial emulsifier and without it 
- «no-stabilized» emulsion). The viscosity of stabilized 
emulsion under the shear deformations increases in time, i.e. 
it has a rheopectic  property and the viscosity of 
non-stabilized emulsion decreases, i.e. it has a property of 
thixotropy. Nevertheless, there are common property for 
both types of emulsions: appearance of blocking phenomena. 
It consists in the fact that in spite of a constant pressure 
differential in a microchannel, the emulsion flow completely 
stops.   

In axis-symmetric flow in cylindrical capillary the 
dynamic blocking phenomena appears too (fig. 1). The 
detailed study of a flow structure under microscope shows 
that actually the flow stops not completely, but decreases in 
time by more than 4 orders therefore the detected 
phenomenon is named as an effect of dynamic blocking. At 
changes to a blocking state the flow in a capillary becomes 
creep, piston, the flow rate sharply decreases. Then for some 
time the flow rate is convulsively decreasing, first being 
accelerated, then being decelerated, and gradually the creep 
flow rate for 16 hours has reduced by 2,5 orders else. The 
flow structure essentially changes: in a hydrodynamic 
stream it is homogeneous (frame 1, fig.2), in a blocking state 
the structure is intermittent (frames 2-5). On frame 6 there 
are 3 components: petroleum - light, emulsion - dark, and 
extracted water phase - light with bounding meniscus.  

As for as an intermittent structure is formed at an input 
of capillary (frame 4), we can suggest the following 
mechanism of formation of structure, which shown on frame 
6. The microdrops of water form the structure at an input of 
capillary, which blocks it. The oil dispersion medium is 
filtrating through this structure. As the emulsion is flowing 
at an input in a capillary, microdrops of water are coalescing 
in it forming a drop (about 100 microns), which at high 
gradients of pressure at an input in a capillary breaks 
blocking structure, pushing a part in front of it, further 

microdrops blocks an input, and the process repeats again. 

 
Figure 1: Time dependence of emulsion volume flowing 
through a capillary (d = 100 microns, l = 4 sm) at the 
constant pressure differential   ∆P=0,1 МPа/m. The figures 
in circles correspond to the video frames in fig. 2.  

 
Figure 2: Microvideoframes of a capillary with flowing 
emulsion in the different points of time. In frame 6 the 
letters correspond: a – emulsion, b – water, c – oil. 
 

The suggested scheme allows us to understand the 
three-stage picture of flow of emulsion at its charging in slot 
capillary structure (micromodel). It presents oneself a slot 
porous structure, which was made using photolithographic 
method. Micromodel performs oneself the structure of the 
pores of the core.        
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Process intensification in production of fine chemicals can be
achieved using various types of microreactors. One of suitable
arrangements for electrochemical reactions is a thin-gap microre-
actor (Rode et al. 2004). Thin-gap microreactor can be used as a
single-pass flow-through reactor, with electrodes built in the front
and rear walls. In case of electro-organic oxidation, desired reac-
tion takes place on anode, whereas on cathode hydrogen is gen-
erated from the solvent as a counter reaction. Evolution of gas
leads to formation of a two-phase system inside the microreactor.

Present study experimentally investigates the two-phase gas-
liquid flow in a thin-gap channel. Cross section of the microchan-
nel is 10 × 0.266 mm2, orientation is vertical. Bubbles are gen-
erated on the electrode surface. The amount of generated gas
is determined by controlling electric current applied to the elec-
trodes. Two-phase flow in thin-gap channel is visualized with
digital camera, and images are processed in Matlab to obtain re-
ported flow characteristics. Flow pattern and void fraction are
evaluated for different operating condition, e.g. liquid flow rates
and applied electric current.

For entire range of investigated operating conditions, only bub-
bly flow was observed. However, with the increasing superficial
gas velocity the distinct difference in bubble size distribution ap-
peared. Void fraction data were fitted with modified empirical
correlation of Chung & Kawaji (2004) and show strongly non-
linear dependance on volumetric quality. Experimental results
suggest that the bubble size distribution has stronger effect on the
microreactor performance than the overall void fraction.
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Abstract

Nucleate boiling in a microchannel, being one of the most ef-
ficient modes of heat transfer, has recently received increas-
ing attention as an effective cooling method for next genera-
tion high-power-density microprocessors. Despite a number
of experimental studies (Peng & Wang 1993, Balasubrama-
nian & Kandlikar 2005 ), the bubble dynamics coupled with
boiling heat transfer in a microchannel is still not well un-
derstood due to the technological difficulties in obtaining de-
tailed measurements of microscale two-phase flows. In this
study, complete numerical simulation is performed to fur-
ther clarify the physics of nucleate boiling in a microchannel.
The numerical formulation is based on the level set approach
modified by Son et al.(1999). In carrying out numerical sim-
ulations of nucleate boiling in a microchannel, the properties
of saturated water at 1 atm are used.

Figure 1 shows the effect of channel height, H , on bubble
growth. For H = 3mm, as the buoyancy force increased
with bubble growth becomes dominant over the surface ten-
sion force, the bubble departs from the bottom wall and rises
out of the thermal boundary layer. However, when the chan-
nel size is reduced to 0.4mm, the bubble grows until it oc-
cupies the entire cross-section of the channel. Thereafter, the
bubble expands along the channel and develops into a slug.
The slug formation results in the significant increase of bub-
ble growth rate as well as heat transfer rate.

Figure 2 shows the effect of contact angle, ϕ, on bubble
growth. When the contact angle is increased to 50o, the large
increase in bubble growth rate is not observed, in contrast
with the smaller contact angle cases. This behavior is ex-

(a)

(b)

Figure 1: Effect of channel size on bubble growth at ∆T =
5K and ϕ = 40o: (a) H = 3mm and (b) H = 0.4mm.

(a)

(b)

(c)

Figure 2: Effect of channel size on bubble growth at ∆T =
5K and H = 0.4mm: (a) ϕ = 30o, (b) ϕ = 50o, and (c)
30o ≤ ϕ ≤ 50o.

plained by the fact that the bubble can more easily expand
into the channel corner with a larger contact angle. The liq-
uid layer between the bubble and the channel corner does not
exist for ϕ > 45o under the present computational condition.
The non-existence of liquid layer results in reduction of the
wall heat flux. Also, the receding contact angle is found to
have the dominant effect on the bubble growth over the ad-
vancing contact angle.
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Introduction 
Gamma ray CT is a powerful tool for the measurement 

of phase fraction distributions in thermal hydraulic systems 

and process diagnostics applications. Challenging process 

and plant conditions, such as high pressures and 

temperatures, opaque metallic vessels or machine parts as 

well as thermally unsteady and electromagnetically noisy 

environments limit the range of applicable measurement 

techniques in real processes. Gamma ray CT is a 

non-invasive technique and can be applied without major 

modification of the process facility. The tomography 

equipment is still not too bulky and complex to enable 

industrial measurements outside the laboratory. 

 

Gamma ray CT system 
Recently our group has developed a high resolution 

gamma ray CT system that comprises a Cs-137 isotopic 

source (165 GBq activity, 622 keV photon energy) and a 320 

channel scintillation detector that employs highly compact 

and robust avalanche photo detector technology in 

combination with fast LYSO scintillation crystals. The 

detector is operated in gamma photon counting mode. The 

spatial resolution of the detector is 2 mm. For measurements 

at industrial facilities we further devised a tomograph gantry 

that consists of a vertical translational and a rotational motor 

driven unit for tomographic scans at different axial planes of 

an object. The vertical operating range is approximately 

1800 mm and objects of up to 900 mm diameter can be 

scanned. 

 

 
 

Figure 1: View of the gamma ray CT system in the 

laboratory. 

Applications 
The gamma ray CT system has been applied to different 

industrial flow measurement problems. Figure 2 shows the 

setup for measurements on a hydrodynamic coupling. In this 

case, gamma ray CT was used to visualize the fluid 

distribution inside both chambered wheels of a test coupling 

at different operating points. The coupling mainly consists of 

aluminum parts and has a diameter of approximately 

500 mm. 

Figure 3 shows two other applications of gamma ray 

tomography. Fluid distribution and gas holdup in stirred tank 

reactors are important parameters to assess process 

conditions and to obtain data for CFD code validation. The 

image in Figure 3a shows the fluid distribution in a 

laboratory scale glass reactor of 80 mm inner diameter 

obtained with gamma ray tomography. Figure 3b shows a 

scanned and reconstructed cross-section of a nuclear fuel 

element assembly mock-up. Thus, we use gamma ray 

tomography to measure void fraction distributions in 

electrically heated BWR fuel rod assemblies under typical 

thermal hydraulic reactor conditions. This application is 

particularly challenging due that fact that average void 

distribution must be measured with high accuracy inside the 

comparatively small sub-channels of the fuel rod bundle 

within a highly radiation absorbing metallic structure under 

rough industrial experimental conditions. 

 

 

 

 

Figure 2: Setup and reconstructed images for fluid 

distribution measurement in a hydrodynamic coupling. 

 

a)   b)  

 

Figure 3: a) Reconstructed fluid distribution in a stirred 

tank reactor, b) image of a BWR fuel element mock-up. 
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Abstract

In conventional multiphase flow systems, the individual mass

flow rates of the different phases are measured with ordinary

flowmeters after separation of the mixture. This is an expen-

sive technique. The multiphase flowmeter that we are de-

veloping, uses Nuclear Magnetic Resonance (NMR) as mea-

surement principle. This non-intrusive technique has the ad-

vantage that it measures the average flowrate in-line. The

flowmeter uses the fact that NMR can distinguish between

the phases because the hydrogen in each phase responds dif-

ferently to the external magnetic field. For velocity profile

determination, NMR imaging (Fukushima 1999) has a low

time-resolution as drawback. Since, in the industrial applica-

tion of this flowmeter usually only the average flowrates are

required, the flowmeter determines only the properties of a

bulk of fluid in the measurement coils. The NMR signal of

which the strength depends on the residence time of the fluid

in a polarizing magnetic field is detected in two RF coils at

different streamwise positions. The average fluid velocity is

determined from the ratio of the NMR signal in both coils

(figure 1), which has a unique value for each velocity. With

the average velocity the average hold-up can be determined

from the NMR signal measured in one of the detection coils.

Since this type of NMR techniques does not provide in-

formation on the spatial velocity distribution, a plug flow

assumption was made in the past. This introduces system-

atic errors, due to the presence of phase slip or no-slip at the

walls. In this work, the effect of using plug flow algorithms

for non-plug flow conditions is studied. By comparing the

laminar and turbulent single-phase flow results against nu-

merical simulations it is found that the accuracy of the plug

flow approach for turbulent flow is sufficient, but that sys-

tematic errors are introduced in the evaluation of the laminar

flow.

To investigate the effect that large flow structures have on

the hold-up detection, potential theory is used to model an

artificial multiphase flow pattern that consists of a large el-

lipsoid air bubble in water. The average liquid velocity and

hold-up are calculated from the ensemble-averaged NMR

signal of a sequence of NMR experiments that are carried

out at equidistant time intervals. The typical NMR signals

for two different bulk velocities are shown in figure 2. The

paper presents the restrictions imposed by this measurement

algorithm on the measurement frequency, the minimum size

of the smallest structures and the maximum liquid hold-up

that can be detected.
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Ubulk is 1 and 3 m s−1, respectively.

References

Fukuskima, E. Nuclear Magnetic Resonance as a Tool to

Study Flow. Annu. Rev. Fluid Mech., Volume 31, 95 – 123

(1999)

PS7_11

- 581 -



Paper No PS7_15 6th International Conference on Multiphase Flow, 
 ICMF 2007, Leipzig, Germany, July 9 – 13, 2007 
 

 
Electrical Conductivity Surface Sensor for Two-Phase Flow Imaging in a Hydrodynamic 

Coupling 
 
 
Marco Jose da Silva1, Sebastian Thiele1, Tobias Sühnel1, Eckhard Schleicher1, Uwe Hampel1, and 

Reinhard Kernchen2 
 

1: Institute of Safety Research, Forschungszentrum Dresden-Rossendorf e.V., PO Box 510119, 01314 Dresden, Germany 
2: Voith Turbo GmbH, Voithstrasse 1, 74564 Crailsheim, Germany 

m.dasilva@fzd.de 
 

Keywords: electrical conductivity, surface sensor, fluid distribution, two-phase flow, hydrodynamic coupling 
 
Abstract 
Hydrodynamic couplings are widely employed as torque 
conversion element in heavy load rotating drive systems and 
can be found in numerous applications such as power plants, 
naval vessels, railed vehicles, busses and trucks. An 
elementary coupling consists of a metal housing and two 
bladed wheels. In the presence of a coupling fluid a torque is 
transferred from the rotating pump (primary) wheel to the 
turbine (secondary) wheel. The conversion of power in a 
hydrodynamic coupling highly depends on geometry and 
design of the coupling elements. For the optimization of static 
and transient behavior of a hydrodynamic coupling advanced 
measurement techniques are needed in order to look inside a 
coupling during operation. For this reason we have developed 
and constructed a high-speed electrical conductivity surface 
measuring system for fluid distribution imaging.  
 
The system comprises a surface sensor, a measuring 
electronics and a computer. The surface sensor is made of a 
thin printed-circuit board and has approximately 1000 
interdigitated sensing structures, which are multiplexed in a 
matrix with 32 transmitter and 32 receiver electrodes. The 
conductivity of the each sensing structure is measured by the 
electronics. The measuring principle is based on the 
electronics of a wire-mesh tomograph and is shortly 
described below. The transmitter electrodes are connected to 
a bipolar voltage (to avoid electrolysis effects) in a successive 
order by the means of a multiplexer circuit. During the time 
one transmitter electrode is activated, the 32 electrical 
currents flowing from this transmitter electrode to the 
receiver electrodes are converted to voltages by an 
operational amplifier and analog-to-digital converted. The 
digital values of the electrical currents are then saved in a 
memory module. This routine is repeated for all transmitter 
electrodes being activated. Once all 32 transmitter electrodes 
have been activated and all currents have been measured, one 
obtains a matrix of 1024 elements with the electrical current 
values corresponding to the distribution of the electrical 
conductivity over the sensor surface. From the data matrix an 
image can be easily achieved without any reconstruction 
algorithm. The system is able to generate up to 10,000 images 
per second and can operate up to two 32 x 32 sensors.  
 
To investigate the fluid distribution inside a hydrodynamic 
coupling, two surface sensors were fitted to pressure-side and 
the suction-side walls of two blade channels in the pump 
wheel. A small opening in the wheel allows the sensor to be 
connected to the electronics. After sensor affixation, the 

opening was sealed by means of an epoxy resin. The 
measuring electronics is fixed at the outside of the secondary 
wheel. It is also supplied by a battery and controlled by a 
wireless connection, thus being able to rotate together with 
the wheel. A simplified system overview can be seen in figure 
1a. The acquired digital data stored during measurements are 
transferred to the PC using a USB interface when the 
coupling has stopped. 

 

 

(a) (b) 
 
Figure 1: (a) simplified schematic view of the measuring 
system and the pump wheel of a hydrodynamic coupling; (b) 
example of an image acquired with the described system. 
 
 
The prototype of the system has been manufactured and 
tested. We have applied the system to investigate the liquid 
distribution during a continuous braking process of the 
turbine side thus allowing the analysis of the full slip range 
from 0 to 100 %. Figure 1b shows one selected images of 
instantaneous liquid distributions at the slip rate of 40 % for 
the pressure and suction side sensors. The raw images were 
processed and fitted in an illustration of a blade channel to 
give an idea of the real condition inside a coupling. The 
detailed analysis of the measured data as well the 
investigation of further operation conditions may be used to 
improve the understanding of the fluid flow characteristics 
inside a coupling. From the best of our knowledge it is the 
first time that high-speed imaging of liquid distributions 
inside a running hydrodynamic coupling have been carried 
out. 
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Abstract

Unsteady gas-liquid systems are found in nuclear power
plants as well as in many chemical and process plants, e.g.
within pipe and vessel geometries. Design, operation and
optimization of devices and processes involving these
systems require a continuous improvement of complex
mathematical models such as computational fluid dynamic
methods. For their validation detailed experimental data,
highly resolved in time and space, are necessary.

X-ray computed tomography has been increasingly applied
to the measurement of gas-liquid systems as a non-intrusive
measurement technique. The object under investigation is
irradiated with x-rays and the intensity of the transmitted x-
rays is measured and recorded by a detector. Cross-sectional
images are then generated reconstructing the internal
structure of the object. 

The x-ray tomography system used in the present work is
firstly described in Hampel et al. (2005). It differs from
conventional systems by using an electron beam generator
and a tungsten target as x-ray source. The electron beam is
deflected along the target, where the x-ray conversion takes
place. Due to the fast moving x-ray source this tomography
system does not require rotation of the object or
source/detector during the measurement and reaches
therefore frame rates higher than 1000images/s at less than
1mm spatial resolution. This permits the visualization of
highly transient phenomena and shows great promise for the
study of multiphase systems.

In this work we describe the tomography system and
introduce the concept of an experimental method to evaluate
the information obtained with this tomography technique.
This method consisted in correlating the x-ray transmission
data and the reconstructed tomographic images of a gas-

liquid system with data provided by a high speed video
system, which after image processing provides accurate data
on bubble shape, size, frequency, rise velocity, etc. (Chen et
al. 2005). The test object was a water column in which air
was injected through a submerged orifice. For the bubble
release size and frequency of interest we choose the orifice
diameter and gas flow rate based on the correlation
proposed by Jamialahmadi et al. (2001). 

Figure 1: Fully-prepared
experimental setup for
tomographic imaging: 
(1) tungsten target, (2)
collimator, (3) test object,
(4) arc detector and (5)
detector electronics.
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Abstract 
 
Microchannels have been increasingly used, besides over-
whelming numbers of applications in µ-TAS as well as micro- 

mixers and chemical reactors, in producing and/or separating 
fine particles, including polymer beads, ceramics, cells and 
organelles. Despite favorable characteristics of the channel 
itself—such as higher efficiency in reaction (expected due to 
larger interfacial/mixing area per unit volume) as well as 
stable/controllable flow/mixing (due to low Reynolds number 
laminar flow), separating nano- to micro-size particles con-
tinuously is not a trivial task. 

Among the relevant works, two mechanistic ones are 
noted: Ookawara et al. (2004) made use of the Dean vortices 
generated as a secondary flow (i.e., the centrifugal force 
generated on every cross section) in curved microchannels to 
fractionate slurry particles of 2–20-µm size range; Yamada et 
al. (2004) demonstrated that merging two streams of liquids, 
one containing biological particles and the other not, and 
pressing the particles against one of the sidewalls in the 
pinched segment could effectively separate by size fine par-
ticles of 1-µm range—“Pinched” Flow Fractionation (PFF). 

In this study, particle-transporting characteristics are ex-
amined visually, focusing on the separation/fractionation of 
different-size particles, for a variety of channel geometries 
(its width varying 50–500 µm from part to part, while depth 
fixed at 20 µm). Both µ-PIV (Particle Image Velocimetry) 
and PTV (Particle Tracking Velocimetry) are utilized to ob-
tain the Eulerian velocity distribution and Lagrangian tra-
jectories of particles, respectively. The particles used are poly-
styrene fluorescent (excitation wavelength = 532 nm; emission 
wavelength = 612 nm) spheres of 1, 3 and 10 µm. In addition 
to the particle-containing liquid (Inlet 1), auxiliary liquid con-
taining no particles are introduced into Inlet 2 (Figure 1) at a 
total flowrate of 0.25 µl/min. 

As indicated in the figure, after passing through the 
Y-segment, particles suspended in the liquid could be a-
ligned to one sidewall by the other liquid in the pinched 
segment. The “critical” distance between the particle center 
and the wall needs to be amplified downstream in the ex-
panded segment in order for the particles of specific size   
to follow different pathlines which would end into one of 
spatially-resolved outlets in multiple branches. It is demon-
strated both experimentally (Figure 2) and computationally 
(via CFD) that 1 and 3-µm particles are mainly collected 
into Outlet 1 (with some into Outlet 2), while 10-µm parti-
cles are made to follow almost the identical path—by keep-

ing the liquid flowrate (Inlet 2-to-Inlet 1) ratio sufficiently 
high—so that they can be collected into only Outlet 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Principle of particle separation adopted in this 

study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2: Pathline of a 10-µm particle superposed on 

streamlines. 
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Abstract 
 
In this work the bubble size distribution (BSD) in a square 
bubble column is experimentally determined by the use of 
interferometric particle imaging (IPI). The method is a 
relatively new imaging technique for determining the 
diameter of spherical transparent particles from out-of-focus 
images, and the strength of the IPI technique is its ability to 
measure the instantaneous bubble diameter and velocity of 
spatially distributed bubbles (Madsen 2006).  
The experiment is done on a square cross-sectioned bubble 
column with the dimensions 0.15m x 0.15m x 1m (D x W x 
L). The column is built in Plexiglas, so that optical access is 
possible. An investigation of the gas and liquid flow pattern 
in the bubble column has already been done by Deen (Deen 
2001) using PIV (Particle Image Velocimetry). The 
experimental equipment is a Dantec IPI/PTV setup at 
Aalborg University Esbjerg, which consists of a 120 mJ 
pulsed ND:YAG laser, two 8 bit CCD cameras, Flowmapper 
processor and relevant Dantec software (Flowmanager). The 
cameras and laser head are mounted on a 3D traversing unit, 
so it is possible to access the entire column. 
When focusing a camera on a transparent bubble that has 
been illuminated by a coherent laser sheet, the scattered 
light will produce two bright spots or glare points on a 
Charged Coupled Device (CCD) chip. By defocusing the 
camera with respect to the bubble the two glare points will 
interfere to produce measurable fringes on a CCD array. 
From the fringe spacing the diameter of the bubble can be 
found. An example of a defocused image is shown in Figure 
1. 

 
 
Figure 1: A part of an image showing two defocused 
bubbles. A clear fringe pattern is visible in the left bubble. 

In Figure 2 a histogram of the BSD can be seen. The BSD is 
for the entire field of view. The field of view is 0.22 x 0.13 
m (W x L) with centre in (W x D x L) = (0.075, 0.075, 0.25), 
which means that the entire width of the bubble column is 
covered by the cameras. 
 

 
 
Figure 2: BSD for the entire field of view. 
 
The results show a number mean diameter of 4.4 mm and a 
Sauter mean diameter of 6.0 mm in the reported field of 
view, which corresponds well with what is observed in the 
column. BSDs have been determined in different locations 
in the bubble column, and the mean diameters are hardly 
distinguishable. It is observed that the BSDs show two 
distinct peaks, which is due to noise problems. This could 
be one of the problems that have to be solved in order to be 
able to distinguish between the mean diameters and BSDs 
in the column. 
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Introduction 
Control of particle trajectory and residence time is 

required particularly in biomass and coal combustion to 
enhance burning efficiency. Passive control is widely 
conducted such as swirl burner[1] and Ecotube air system 
furnace[2]. However, active control to achieve arbitrary 
target have rarely conducted. The objective of this study is to 
control particle trajectory and velocity arbitrarily in a square 
container by two nozzles. A neural network was employed as 
a controller.  
Experimental Apparatus 

The schematic experimental apparatus is shown in Fig. 1. 
Two two-dimensional nozzles (nozzle width B : 10mm, 
contraction ratio : 10 / 21) were placed at each lower corner 
of the rectangular container (500mm × 500mm × 230mm). 
An exhaust vent was 100mm and located in the midst of a 
base. Nozzle exit velocity Ve was set at 0m/s ~ 7m/s (Re:0 ~ 
4700). Particles were mixed to left jet air (mass ratio ρparticle / 
ρair was adjusted to less than 0.1). A stepping motor was 
connected to nozzle in order to change nozzle angle α 
ranging from 0 to 30degree. The gas flow was measured by 
PIV, and the particle flow was evaluated by PTV.  
Fluid Configuration and Control Algorithm 

We introduced the neural network as the controller. 
Before the control period, the neural network learned 
particle locations and velocities at the line of y/B = 
10,15,20,25,30,35,40, which were calculated by the particle 
motion equation Eq.1 using PIV vector data and properties 
of the control particle. 

( ) guuuu
D

C
dt

du
pp

p
D

p +−−=
ρ

ρ
4
3  (1) 

This learning process, or off-line-learning, formed the 
neural controller roughly without experimental data. 

One of the PIV vector data and corresponding particle 
trajectory are depicted in Fig. 2 (particle density ρp and 
diameter D were set to 2500kg/m3 and 60µm, respectively).  
 During the control period, the neural network learned the 
particle locations and velocities at the line of y/B = 
10,15,20,25,30,35,40, which was measured by PTV (on- 
line-learning). This learning process, or on-line-learning, 
adjusts the neural controller to experimental flow condition. 
On-line-learning was repeated during the control period (Fig. 
3), which gradually leads to an accurate neural controller. 
Control Results 
 A target particle locations and y-component of velocity v 
at the line of y/B = 10,15,20,25,30,35,40 are listed in Table 1. 
Glass spherical particles were used (ρp=2500kg/m3, D = 
53~63µm) as controlled particles. Control results of 
trajectory and y-component of velocity v are shown in Figs. 
4,5 and 6. The particle locations and velocities at the 
respective target line were evaluated by 200 sets of PTV 

data. The location deviation xdev is defined by the average of 
the absolute location deviation at each measured line. The 
velocity deviation vdev is defined by the average of the 
absolute velocity deviation. It is confirmed from the results 
that the neural controller formed by off-line-learning was 
enough accurate in terms of particle velocity, and the particle 
location approached a target as a number of on-line-learning 
increased, which proved that the neural controller became 
accurate in terms of particle location.  
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Fig. 1 Experimental apparatus. 
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Fig. 2 PIV vector data and 
calculated trajectory. 
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Fig. 3 Block diagram 
during the control period. 

target line (y/B)

location xp /B

velocity vp(m/s)

1(10) 2(15) 3(20) 4(25) 5(30) 6(35) 7(40)

22.8 23.6 23.8 23.8 23.7 23.8 24.1

1.26 1.62 1.77 1.77 1.60 1.40 1.29

Table 1 Target particle locations
and velocities. 
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Fig. 4 Particle locations of the 
target and the controlled results. 
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Abstract 
 

Wetness behavior in steam turbines is known to be 
one of the major cause of energy losses and so a potential 
source of efficiency improvement for power plants. 
Unfortunately, wetness rate is hard to measure with the 
adequate accuracy, specially on site, due to the small size 
of the droplets generated during the pressure drop 
( 0.03µm to 2 µm). One of the most promising technique is 
light extinction. According to Mie theory; the extinction of 
light depends on the size of the droplets so that a 
measurement of attenuation of light in the fog on a broad 
band of wavelengths can be proceeded to provide size 
distribution and concentration. Many progresses have been 
done these last years on this technique and further works 
are still on the way, but one of the difficulties is to assess 
the accuracy of the measurement. 

 
 The paper describes first the measurement system 

using up to date spectrometers and broad light sources, that 
has been improved by adopting different features to 
minimize errors: double light path to avoid source 
fluctuation, small integration times and large number of 
spectra recorded, hot air flow parallel to the windows. 
Then  results of a set of tests achieved to evaluate the 
accuracy are presented : 

- dilution of milk mixing shows that sensibility for 
transmittance values remains lower than 0.3% 

- tests with calibrated polystirene microparticules 
(0.5µm and 1 µm) confirm the good sensibility 
to concentration despite a bias in diameter values   

 
To be more representative of on site conditions, tests have 
been carried out on a specific wet steam facility. Slightly 
superheated steam is flowing through the turbine of a 
former combustion micro-turbine, and condensation is 
occurring during the pressure drop. By adjusting pressures, 
concentration of droplets at the outlet are set comparable to 
the concentration encountered at the outlet of steam 
turbines( 2 10-6 to 8 10-6 ) . It can be tuned very finely by 
the steam cooling at the inlet of the turbine, so that changes 
of 1% of concentration can be achieved. 
The results shows that the correlation between theoretical 
wetness and measured wetness is very linear and that the 
gap to the mean straight line is lower than 1%. 

It is concluded that due to the recent improvements, this 
technique can reach accuracy requirements for a use in the 
field of steam turbine performance.  
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Figure 1 : Typical droplet spectrum obtained by light 
extinction method 

 
Figure 2 : wetness measured by extinction versus 
theoretical  
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Atomic force microscopy (AFM) have been a very 

powerful tool to study the phenomena in nanoscale, but very 

few studies have been reported on bubble dynamics due to the 

undeveloped measurement techniques and the difficulty of 

manipulation of bubble production. Long-lived stationery 

nanobubbles (apparent diameters of about 20nm) were imaged 

by AFM using tapping mode after the bubbles were formed on a 

substrate that was first contact with ethanol and was 

subsequently exposed to water [1]. Tyrrell et al [2] acquired 

both bubble images (with 30nm width and 20 nm height) and 

force-distance curves of nanobubbles on hydrophobic glass over 

a range of pH conditions. Zhang et al[3] studied the effect of 

solutes on the stability and morphology of nanobubbles (with 

300 nm width and 20-30nm height), such like mono- or 

multivalent salts, cation- or anionic and solution pH.  

Present paper develops a novel method using force – 

distance curves (f-d curves) and records the histories of bubble 

nucleation process on prepared surface with grown CNTs coated 

with 10nm platinum so that the bubble dynamics through 

theoretical model can be obtained. 

Figure 1a shows the typical f-d curve between AFM tip 

and prepared surface in DI water and no bubble is formed, but 

Figure 1b shows the f-d curve as the bubbles are formed using 

the catalytic reaction of 0.1% hydrogen peroxide solution (H2O2 ) 

to oxygen. These force curves reveal the change of repulsive 

force and the distance of repulsive force boundary due to the 

existence of the bubble and thus the bubble size and physical 

properties such as elastic coefficient, surface tensions and etc 

can be obtained by theoretical analysis from reasonable model. 

    Figure 2 shows the time series of f-d curves during the 

catalytic reaction and thus the bubble nucleation process. The 

repulsive force is ranged ~1-3 pN acted at the tip-sample 

separation of 0.4-1.5μm on the approach force curve, which 

indicates that the bubble is smaller than 1.5μm. The Fig 2.(a) to 

(f) represent the bubble nucleation period of ~5.6 secs. The 

detailed analysis results will be reported in the full manuscript. 

References 

[1] Jun Hu, et al “Nanobubbles on solid surface imaged by 

atomic force microscopy” J. Vac. Sci. Technol. B 18(5), 

2573-2575 

[2] J. W. G. Tyrrell, et al “Atomic force microscope images of 

nanobubbles on a hydrophobic surface and corresponding 

force-separation data” Langmuir 2002, 18, 160-167 

[3] Xue H. Zhang, et al “Physical properties of nanobubbles on 

hydrophobic surfaces in water and aqueous solution” 

Langmuir 2006, 22, 5025-5035 

 

 
 

 

 

Figure 1. Representative f-d curves measured between Si tip 
and CNTs substrate coated with Pt in (a)DI water and in 
(b)0.1% H2O2 solution  

Figure 2. Time series of f-d curves represent the process of 
bubble nucleation as a period of 5.6 secs.  
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During tests of two-phase gas-liquid flows, it is very 
difficult to determine concentration in consideration of 
dynamics of phenomena occurring while a two-phase flow. 
Structures of such flows vary from stratified to cork and 
bubble flows  (Tjugum 2001)  

Quantitative relations between the continuous phase, 
the dispersed phase and the mixture are expressed as volume 
or mass fractions:   

 
A
A

V
V gg ==α ,                  (1) 

where: 
Ag – interface 
A – cross section area of the pipeline   
Vg – gas volume [m3] 
V – mixture volume  [m3] 
 
The paper presents a measuring system based on 

simultaneous work of two tomographs: optical and 
capacitance.   

 

 
 

Figure 1: The measuring stand. 
 

Fig.1 shows structure of the test stand. The base is a 
system of flanged pipes, 80 mm in diameter 1. The pipes 
have standard dimensions, so the measuring system can be 
easily configured. The measuring length is 140 cm, so any 
set of sensors can be arranged at the length. Water is 
supplied into the pipes through the impeller pump 2 of the 
output 50,000 l/h. A liquid stream is controlled with the 
valve 3, a bypass to reservoir 4 is opened. In order to 
calibrate and compare the results of measurements, the stand 

is equipped with the electromagnetic flowmeter 5 for 
measurements of water jet. Moreover, the basic parameters, 
namely temperature and pressure in the system, 6 and  7,  are 
controlled [7]. It is necessary because water used for the 
measurements works in the closed system and absorbs much 
heat emitted by the pump, thus it becomes heated.  

The measuring length is equipped with two 
synchronously working tomographs. One of them is optical  
13, and the other is capacitance 12. The capacitance 
tomograph averages a value of concentration at the electrode 
length. It is very important while tests of stratified structures 
where there are no small objects, such as bubbles or drops.  
On the other hand, the tomograph works rather slowly. It is 
possible to scan some or tens of images per second. In the 
case of a flow of bubbles of high dynamics, such a number 
is insufficient.  In the optical tomograph, dissipation of a 
light beam on the bubble surface is a dominating 
phenomenon. It allows to obtain good results while 
identification of bubble flow structures. Since absorption 
coefficients for water and air are very similar, thus it is very 
difficult  to identify a stratified structure. The output signal 
from the optical tomograph has a discrete form, so it is 
possible to obtain high rates of scanning, even up to 1000 
frames per second, thus single bubbles can be registered.  

 In the paper the considered measuring system has been  
precisely described. It has been said how both tomographs 
work while measurements of gas-liquid flows. The test 
results have been presented, and applicability of the 
proposed system in vertical and horizontal flows have been 
determined.  
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