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PREFACE  

This book contains all manuscripts approved by the reviewers and the organizing committee of the 

12th International Conference on Computational Fluid Dynamics  in the Oil & Gas, Metallurgical and 

Process Industries. The conference was hosted by SINTEF in Trondheim in May/June 2017 and is also 

known as CFD2017 for short. The conference series was initiated by CSIRO and Phil Schwarz in 1997. 

So far the conference has been alternating between CSIRO  in Melbourne and SINTEF  in Trondheim. 

The conferences  focuses on  the application of CFD  in  the oil and gas  industries, metal production, 

mineral processing, power generation, chemicals and other process industries. In addition pragmatic 

modelling  concepts  and  bio‐mechanical  applications  have  become  an  important  part  of  the 

conference. The papers in this book demonstrate the current progress in applied CFD.  

The conference papers undergo a review process involving two experts. Only papers accepted by the 

reviewers  are  included  in  the  proceedings.  108  contributions were  presented  at  the  conference 

together with  six  keynote presentations. A majority of  these  contributions  are presented by  their 

manuscript in this collection (a few were granted to present without an accompanying manuscript).  

The organizing committee would like to thank everyone who has helped with review of manuscripts, 

all  those who  helped  to  promote  the  conference  and  all  authors who  have  submitted  scientific 

contributions. We are also grateful for the support from the conference sponsors: ANSYS, SFI Metal 

Production and NanoSim. 

Stein Tore Johansen & Jan Erik Olsen 
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ABSTRACT 

In Fluid Phase Resonance (FPR) mixers, a central pipe reaches 
into the liquid phase inside a mixing vessel. Thus two closed 
gas cushions are formed above the liquid – one inside the pipe 
and one above the liquid inside the vessel. A drive attached at 
the top of the pipe creates low frequency (typically in a range 
from 1 s-1 to 5 s-1) harmonical pressure oscillations in the gas 
cushion inside the pipe, which in turn induce a motion inside 
all the liquid in the vessel. This motion of the liquid is utilised 
for the purpose of mixing and dispersion of particles. 
Simulations are performed for four different geometries of the 
central pipe's lower exit and for different particle Stokes 
numbers.  Particle Stokes numbers are varied from 9.7·10-4 to 
2.7 by changing the particle diameter and density. The flow 
field inside the vessel was simulated with a Volume-of-Fluid 
solver to capture the free surface and the influence of the gas 
cushions, which act like springs, until a quasi-steady state was 
reached. One of these simulations was verified with Laser 
Doppler Anemometry measurements. For each simulation, the 
flow fields of the last full oscillation period are stored. The 
particles are then repeatedly tracked through these flow fields 
for 15 oscillations with an Euler-Lagrange approach with one-
way-coupling, so that there is no need to recalculate the flow 
fields. The particles are considered as point masses, which are 
exposed to added mass, buoyancy, drag, gravity, history, 
pressure gradient, rotational lift, and shear lift force. 
Hydrodynamic torque is also considered, as well as a 
Langevin model for turbulent dispersion and a wall collision 
model accounting for rotation. 
Mixing quality and time are determined by means of 
correlation dimension and the 90% lifting criterion whereby 
one of the four pipe exit configurations was identified as the 
best one. For this configuration two more oscillation 
frequencies are also investigated. Increasing the frequency to 
the resonance frequency leads to a more intense mixing 
process. Increasing it further drastically reduces the fluid 
velocity and deteriorates the mixing properties. 
Furthermore, the influence of the different forces on the 
particles is investigated. The often neglected added mass and 
history forces are quite relevant for all particles investigated, 
having always more than 10% of the drag force’s magnitude, 
with maximum values of up to 142% for added mass and up to 
66% for history force. Pressure gradient force is highly 
relevant for larger particles. The rotational lift force is 
important for large particles only. Finally, the shear lift force 
is highly important, especially for larger and denser particle, 
but negligible for small, light particles. 

Keywords: CFD, Euler-Lagrange, particle forces, LDA, 
mixing, Fluid Phase Resonance mixer. 
 
 

 

NOMENCLATURE 

Greek Symbols 
    Turbulent dissipation rate, [m²/s³] 

F    Fluid dynamic viscosity, [kg/(m·s)] 

F    Fluid density, [kg/m³] 

P    Particle density, [kg/m³] 

F    Fluid time scale, [s] 

P    Particle time scale, [s] 
    Turbulent frequency, [s-1] 
 
Latin Symbols 

2d    Correlation dimension, [-] 

Pd    Particle diameter, [m] 
f    Frequency, [s-1] 

dragF   Drag force, [N] 

iF


   Force i, [N] 
i    Index i, [-] 
k    Turbulent kinetic energy, [m²/s²] 

Pm    Particle mass, [kg] 

2P    Number of pairs, [-] 
r    Distance, [m] 
St    Stokes number, [-] 
T    Oscillation period, [s] 
t    Time, [s] 
U    Velocity, [m/s] 

'u    Turbulent velocity fluctuation, [m/s] 

minmax/,iU  Max/min velocity in direction i, [m/s] 

turbiU min,max/,  Max/min velocity in direction i including 
   turbulent fluctuation, [m/s] 

Pu    Particle velocity, [m/s] 

ZU    Average velocity in axial direction, [m/s] 

max,ZU   Maximum velocity in axial direction, [m/s] 

min,ZU   Minimum velocity in axial direction, [m/s] 

V    Volume, [m³] 

Px    Particle position, [m] 
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INTRODUCTION 

FPR mixers are a comparatively new kind of mixing 
technology. Instead of a stirrer, here a central pipe 
reaches into a liquid contained in a mixing vessel. Two 
closed gas cushions are formed, one outside and one 
inside the central pipe. The latter is exposed to a 
harmonically oscillating pressure created by a drive 
attached to the central pipe, causing an oscillating 
movement of the liquid inside the pipe, which in turn 
induces a non-zero mean flow inside all the liquid as 
shown in Schmalfuß et al (2012). This flow is in this 
case utilised for the dispersion of solid particles. 
Usually, the oscillation frequencies are in a range 
between 1 s-1 and 5 s-1. According to Schmalfuß and 
Sommerfeld (2017) the flow properties and therefore 
also the mixing properties (e.g. velocity magnitude, 
turbulence, structure) are mainly defined by the central 
pipe's geometry and the oscillating frequency. On the 
one hand, this work investigates these influences to 
improve the mixing quality of FPR mixers. On the other 
hand, also the influence of different forces acting on the 
particles is analysed. Considered forces are drag force, 
added mass force, Basset force (or history force), 
pressure gradient force, gravity force including 
buoyancy, and the transverse lift forces due to shear and 
rotational lift. Some of these forces are usually 
neglected when it comes to the simulation of industrial 
scale processes, especially added mass and Basset force. 
The present work shall reveal if this practice is justified. 
 

 
Figure 1: Geometry and computational domain; a) one-sided 
cutout pipe end; b) tripod pipe end; c) measurement planes 

(left: 0°, right: 180°); d) computational grid. 

GEOMETRY AND PROCESS PARAMETERS 

A vessel with a torispherical bottom is used as mixing 
vessel. Its geometrical properties are summarised in 
Table 1 and the different central pipe ends are shown in 
Figure 1 a) and b). Having a diameter of 0.45 m and a 

filling height of 0.7 m results in a filling-height to 
diameter ratio of ~1.6. The first pipe end is a 225°-
cutout, leaving a kind of nose at the end of the pipe and 
it will be referred to as “one-sided cutout”. The second 
pipe end consists of three 60°-cutouts, resulting in a 
tripod-like shape with three 60°-noses, henceforth  
referred to as “tripod”. Both central pipes have an inner 
diameter of 0.1 m. For each pipe two different mounting 
heights are considered. One time the pipe ends directly 
at the vessel bottom, leaving only small gaps at the 
cutouts, the other time the pipe is lifted by 20 mm. 
These two pipe heights will be referred to as “at 
bottom” or “lifted”, respectively. The drive frequency is 
1.2 s-1 for all configurations. For the configuration 
“tripod at bottom” two higher frequencies, namely 1.5  
s-1 and 2.0 s-1, are used to investigate the frequency's 
influence. Water and air at room temperature and 
ambient pressure are used as the two phases. Their 
properties are listed in Table 2. The particles have 
densities of 1050 kg/m³, 1500 kg/m³, and 2500 kg/m³. 
Their diameters are 80 µm, 500 µm, 1500 µm, and 2500 
µm. 

Table 1: Geometry parameters. 

Pipe At bottom Lifted 

Vessel diameter [m] 0.45 

Vessel height [m] 1.1 

Filling height [m] 0.70 

Pipe diameter [m] 0.1 

Pipe height [m] - 0.020 

Cutout height [m] 0.04 
 

Table 2: Fluid phase material parameters. 

 Water Air 

Density [kg/m3] 1000 1.3 

Kinematic viscosity [m2/s] 1·10-6 13·10-6 

Compressibility [s2/m2] 4.7·10-10 9.9·10-6 

Surface tension [kg/s2] 0.073 

NUMERICAL AND EXPERIMENTAL METHODS 

Fluid flow 

The fluid flow is simulated as an unsteady, 
compressible flow of two separate phases, namely water 
and air. OpenFOAM's solver compressibleInterFoam, 
employing a Volume-of-Fluid approach with interface 
compression, is used for this task. The geometries are 
discretised into approximately 4 million cells, whereby 
a symmetry plane is used as shown in Figure 1d) to 
lower the requirements on computational resources. At 
the top of the central pipe, a harmonically oscillating 
velocity normal to the surface is used as boundary 
condition, according to the parameters given by the 
drive attached to the pipe. At the symmetry plane a 
symmetry boundary condition is used and at the walls a 
no-slip condition is applied. Previous simulations by 
Schmalfuß et al (2012) have shown that the k-ω-SST 
turbulence model gives the best results compared to 
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others. Thus, it is also used here. To ensure a quasi-
steady flow, where after one oscillation the same flow 
field is found again, the flow is simulated for 20 
periods. The averaged velocity components for the 
simulations are the arithmetic means of the three 
velocity components or the velocity magnitude, 
respectively, over the time of one period at the end of 
the simulation. Maximum and minimum velocities 
Ui,max/min,turb in directions i are calculated with the 
corresponding velocities during the analysed time 
period and the turbulent velocity fluctuations u’, which 
are estimated from turbulent kinetic energy k, assuming 
isotropic turbulence: 

kUuUU iiturbi 3
2' minmax/,minmax/,min,max/,   (1) 

As another means of comparison between the 
configurations, the temporally and spatially averaged 
values of the turbulent kinetic energy and dissipation 
rate ε inside the liquid phase have been calculated. 
The results of the flow field simulations are also used to 
calculate the turbulence characteristic time scale τF of 
the fluid as a temporally and spatially averaged value of 
the ratio of turbulent kinetic energy and turbulent 
dissipation rate: 

 




Tt

t V
F dVdtk

VT 


11  (2) 

The temporal averaging is done over one oscillation 
period with duration T starting at time t, and the spatial 
averaging is done over the total liquid volume V. 
Measurements with a one component Laser Doppler 
Anemometer (LDA) have been conducted in five planes 
for the configuration “one-sided cutout at bottom” to 
verify the simulations. The measurement planes can be 
seen in Figure 1c). There are two planes in the 
symmetry plane (one on each side of the pipe) and three 
planes between those two, each shifted by 45°. In each 
plane there are 156 measurement points, where axial 
and radial velocity components have been measured. 
Unfortunately, the tangential velocity component could 
not be measured in this geometry. Tracer particles with 
a diameter of 40 µm and a density of 1050 kg/m³ are 
used. For LDA measurements it is important that these 
tracer particles follow the flow largely without slip, 
which means the particle Stokes number should be 
considerably below unity. Schmalfuß et al. (2012) have 
shown that the highest particle Stokes number occurs 
only in a very small region at the lower end of the 
immersed pipe with a value of about 0.14. Hence, the 
tracer particles should follow the flow to a large extent. 
In each measurement location 3000 Doppler signals are 
collected and statistically analysed. For the comparison 
of measurements and calculations, three different values 
are used: average, maximum and minimum velocities. 
The maximum and minimum velocities are determined 
for each point by the 0.05- or 0.95-quantile, 
respectively, of the 3000 values collected per point. The 
average is determined by an arrival time weighted 
average. 

Particle motion and mixing properties 

An Euler-Lagrange approach, where particles are 
treated as point masses, is used to calculate the particle 
behaviour. The flow field for these calculations is taken 

from the flow simulations described above. For the last 
oscillation, the transient flow field is stored with a time 
step of 0.01 s. The particles are repeatedly tracked 
through these stored flow fields. After one oscillation 
the flow field states are used again. Of course, with this 
approach only one-way-coupling is possible, meaning 
that the particles do not have any influence on the flow 
field, implying that for the moment only low particle 
concentrations are considered. Consequently inter-
particle collisions are also neglected. As a Lagrangian 
approach is used, the particle motion is calculated by: 

P
P u

dt
xd 


  (3) 


i

iP
P Fm

dt
xd 

 (4) 

Here, uP and mP are the particle velocity and mass, t is 
the time and Fi are the forces acting on the particle. The 
forces considered are added mass force, Basset force 
(also called history force), drag force, gravity and 
buoyancy force, pressure gradient force, and the 
transverse lift forces due to rotational and shear slip, see 
e.g. Sommerfeld et al (2008) or Crowe et al (2012). 
Shear lift is modelled according to the findings of Mei 
(1992) and rotational lift according to Oesterlé and Bui 
Dinh (1998). Added mass and Basset force are 
implemented according to Michaelides and Roig (2011). 
For the Basset force, the approximation of Hinsberg et 
al (2011) is used for solving the integro-differential 
equation. Otherwise, either the tail in Basset force 
calculation would have to be truncated or its calculation 
would lead to all but impossibly high needs in 
computational resources. 
Additionally, the hydrodynamic torque is considered. It 
is calculated with correlations taken from Sommerfeld 
et al. (2008), which are based on experiments by Dennis 
et al. (1980) and Sawatzki (1970). 
Wall collisions account for kinetic energy loss and 
friction and can alter the angular velocity of the 
particles, as described by Decker (2005). 
The fluctuating velocities due to turbulence are not 
resolved when a RANS-model, like k-ω-SST in this 
case, is used to describe the turbulence. To model the 
turbulent velocity fluctuations seen by the particles, a 
single-step Langevin dispersion model is employed, as 
suggested by Sommerfeld et al. (1993). 
At the beginning of the particle simulations, 
approximately 100,000 particles are randomly 
distributed near the bottom of the vessel with a velocity 
magnitude of zero. These particles are then, as described 
above, repeatedly tracked through the oscillating flow 
fields for 15 periods, which corresponds to a time of 
12.5 s for the cases with f = 1.2 s-1. 
The mixing properties are investigated using two 
parameters, namely mixing time and mixing quality. To 
judge about the mixing speed, the mixing time is 
defined as the 90% lifting criterion. This criterion is 
fulfilled as soon as the first particle reaches a height 
corresponding to 90% of the filling level. The mixing 
quality is investigated by means of the correlation 
dimension, which indicates how well the particle 
positions represent a random three dimensional 
distribution. Its values can vary between unity, 
representing a one-dimensional distribution, e.g. along a 
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line, and three, representing a random three dimensional 
distribution, e.g. in a spherical arrangement. The 
correlation dimension d2 is temporally averaged over the 
last oscillation period and is calculated as: 

rd
rPdrd

r ln
)(lnlim)( 2

02


  (5) 

with P2(r) being the number of particle pairs closer than 
distance r to each other. 

Influence of the different particle forces 

The magnitude of all the forces acting on the particles is 
stored every 0.001 s for the last two oscillation periods. 
To analyse their influence, the values are averaged over 
the above mentioned last two periods and then 
normalised with the magnitude of the drag force. An 
averaged particle Stokes number is used as parameter 
for judging on the influence of the forces. This number 
describes the ability of the particles to follow the flow 
field and is defined as: 

F

PSt



  (6) 

The fluid time scale τF has already been described above 
and is an average turbulence time scale in the entire 
liquid region. The Stokesian particle response time is 

F

PFP
P

d





18
)5.0( 2

  (7) 

with µF and ρF being the dynamic viscosity and density 
of the fluid and ρP the particle density. 

RESULTS 

Fluid flow 

The configuration “one-sided cutout at bottom” is also 
investigated by means of LDA. In Figure 2 the average, 
maximum, and minimum values of the vertical 
velocities in the five planes depicted in Figure 1c) are 
compared. In general, the comparison between 
measurement and simulation shows good agreement. 
Discrepancies can be seen especially at the 180° plane. 
This might be because this is the symmetry plane in the 
simulation, so there is a zero velocity imposed 
perpendicular to that plane, which in turn might cause 
higher flow rates in the directions parallel to the 
symmetry plane. In reality, of course, this is not the 
case. Furthermore, the extremal values are not always 
met in the measured observations compared to the 
numerical computations. This could be caused by the 
comparatively coarse measurement grid. 
In Figure 3 the temporal averaged velocity magnitude, 
turbulent kinetic energy, and turbulent dissipation rate 
in the symmetry plane of the four configurations are 
compared. Regarding the velocities it can be seen that 
the highest values occur inside the pipe. A lifted central 
pipe results in higher velocities inside, but lower 
velocities outside the pipe. With a pipe at the bottom, 
there is a large region with high velocities at the vessel 
wall opposite the opening of the pipe for both, one-sided 
cutout and tripod. For a lifted pipe with the one-sided 
cutout, this region is considerably smaller and for the 
lifted tripod it is even at the opposite side. The pipe exit 
geometry seems to have only low influence on the 
velocity magnitude. 

 
Figure 2: Comparison of temporal average, maximum, and 
minimum values of measured and calculated velocities (m/s) 

in axial direction in the measurement planes shown in Fig. 1c), 
for “one-sided cutout at bottom”. 

 

 
Figure 3: Comparison of temporal averaged values of velocity 

magnitude U in m/s, turbulent kinetic energy k in m²/s², and 
dissipation rate ε in m²/s³ for the different configurations in the 

symmetry plane 

Turbulent kinetic energy k has its highest values inside 
the pipe near the pipe exit. With a pipe at the bottom, it 
has the same pattern for one-sided cutout and tripod, but 
it is higher for the tripod in most regions. Similar to the 
velocities, the lifted pipe versions show lower values 
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outside the pipe and for the lifted tripod a reversed left-
to-right image with high values at the right vessel wall. 
Contrary to the findings for the velocities, the turbulent 
kinetic energy inside the pipe is higher for the pipe-at-
bottom configurations. Overall it seems that k is higher 
for the versions with a pipe at the bottom. 
Comparing the dissipation rate between the two one-
sided cutout versions reveals that lifting the pipe leads 
to higher dissipation at the right side of the bottom. In 
the upper parts of the symmetry plane the dissipation 
rate seems to be almost the same for these two versions. 
The tripod at bottom has much larger regions with high 
dissipation rates than a one-sided cutout opposite to the 
pipe opening. Additionally there is also a region with 
high dissipation rates at the right side of the bottom. 
This region even increases for the version with the lifted 
tripod. But here the dissipation rate at the left side is 
significantly lower. 
Figure 4 shows the influence of the drive's frequency on 
velocity, turbulent kinetic energy and dissipation rate. 
Increasing the frequency from 1.2 s-1 to 1.5 s-1 
significantly increases all three quantities. This is 
because 1.5 s-1 is the resonance frequency of the system 
and so the movement of the liquid is the most intense. 
The higher velocities lead in turn to higher turbulence 
and thus to higher turbulent kinetic energy and 
dissipation rates. Increasing the frequency further to 2.0 
s-1, which means to a value clearly above the resonance 
frequency, leads to a heavy drop in all of the three 
quantities. This is because the oscillating system now 
cannot follow the excitation from the drive because it is 
to inertial. 

Particle motion and mixing properties 

Figure 5 shows exemplary results for the frozen particle 
positions after 15 oscillations in the “lifted tripod” 
configuration for particles with a density of 1500 kg/m³ 
and with diameters from 80 µm to 2500 µm, leading to 
Stokes numbers of 0.0013 to 1.2. The particles are 
colour coded by particle velocity magnitude. 
Unsurprisingly, the particles with low Stokes numbers 
seem to be distributed quite uniformly, whereas the 
more inertial particles tend to remain in the lower parts 
of the vessel, hence dispersion is not sufficient. 
The relative mixing times, i.e. the times to fulfil the 
90% lifting criterion normalised with the period 
duration, are shown in Table 3. Where no value is 
given, the criterion was not fulfilled. Considering only 
the configurations with an oscillation of f = 1.2 s-1, the 
“tripod at bottom” configuration reveals the best mixing 
speed for most of the investigated particle properties, 
which is why this configuration was also analysed at 
other frequencies. Only for particles having a diameter 
of 2500 µm and a density of 2500 kg/m³ another 
configuration, namely the “one-sided cutout at bottom”, 
has a shorter mixing time than the “tripod at bottom”. 
Raising the frequency to 1.5 s-1 gives even faster mixing 
speeds. This is due to the higher fluid velocities in the 
vessel. Due to resonance, the decrease in mixing time 
seems to be not linear, otherwise the relative mixing 
time should have been the same as for the lower 
frequency. Apparently, this is also the case when 
increasing the frequency above the resonance 
frequency, but here the relative mixing time rapidly 

increases. This fits the observation of low velocities in 
the fluid flow simulations. 
 

 
Figure 4: Influence of frequency on temporal averaged values 
of velocity magnitude U in m/s, turbulent kinetic energy k in 

m²/s², and dissipation rate ε in m²/s³ in the symmetry plane for 
“tripod at bottom”. 

 

 
Figure 5: 3-dimensional view of particle positions and 

velocities at the end of 15 oscillations in the "tripod at bottom" 
with ρP = 1500 kg/m³; a) dP = 80µm, St = 0.0013, d2 = 2.84; b)  
dP = 500µm, St = 0.049, d2 = 2.20; c) dP = 1500µm, St = 0.44, 

d2 = 2.07; d) dP = 2500µm, St = 1.2, d2 = 2.05. 

Table 4 lists the correlation dimensions at the end of the 
simulations for all considered particles. As might be 
expected, the correlation dimensions tend to lower 
values for higher particle diameters and densities. But 
there are some discrepancies to this overall trend. For 
example d2 rises in the “one-sided cutout at bottom” and 
the “lifted tripod” when increasing the particle diameter 
from 1500 µm to 2500 µm for a particle density of 2500 
kg/m³. This might be due to the fact that the correlation 
dimension does not account for the distribution of 
particles in the liquid volume, but only gives an estimate 
of how the particles are distributed at their locations. So 
for the large, heavy particles this means that they are 
quite randomly distributed, but only in a small region at 
the lower part of the vessel. The standard deviation of 
the particle concentration would prevent this drawback, 
but the particle concentrations considered are too small 
to provide sufficient information in every computational 
cell. Despite this, the d2-values indicate two 
configurations for best mixing, namely “tripod at 
bottom” for small and light particles and “lifted one-
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sided cutout” for larger and heavier particles. Overall, 
the “tripod at bottom”-configuration seems to offer the 
best combination of mixing speed and quality. 

Table 3: Relative mixing times for all simulations; bold letters 
denote the fastest mixing time for f = 1.2 s-1. 
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f =
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1050 

80 1.2 1.3 1.2 1.2 0.90 5.6 
500 1.3 1.7 1.1 1.6 0.86 5.7 

1500 1.3 1.7 1.1 1.3 0.81 6.7 
2500 1.3 1.7 1.0 1.3 0.81 8.3 

1500 

80 1.2 1.3 1.1 1.2 0.84 5.6 
500 1.3 1.7 1.2 1.7 0.83 7.2 

1500 1.3 2.0 1.1 2.3 0.90 - 
2500 1.3 3.8 1.3 1.3 0.95 - 

2500 

80 1.3 1.3 1.1 1.2 0.86 5.6 
500 1.3 1.8 1.2 1.9 0.83 - 

1500 1.8 - 1.5 - 1.1 - 
2500 2.3 - 3.7 - 1.3 - 

Table 4: Correlation dimensions for all simulations; bold 
letters denote the best (i.e. highest) values for f = 1.2 s-1. 
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f =

 2
.0
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1050 

80 2.79 2.80 2.84 2.77 2.81 2.70 
500 2.63 2.74 2.79 2.74 2.78 2.44 

1500 2.24 2.75 2.75 2.73 2.77 1.91 
2500 2.18 2.76 2.75 2.72 2.77 1.64 

1500 

80 2.78 2.81 2.84 2.78 2.81 2.67 
500 1.52 2.76 2.20 2.73 2.37 1.70 

1500 1.30 2.65 2.07 2.10 1.78 1.46 
2500 1.48 2.47 2.05 1.74 1.61 2.24 

2500 

80 2.70 2.80 2.85 2.80 2.80 2.42 
500 1.82 2.37 1.66 1.97 1.77 1.56 

1500 1.42 2.36 1.91 1.94 1.74 2.13 
2500 1.58 1.76 1.72 2.19 1.82 1.80 

Influence of the different particle forces 

The influence of the different forces acting on particles 
with different Stokes numbers is shown in the graphs in 
Figure 6 for fixed particle densities. These values are 
averaged over all particles during the last two oscillation 
periods over all configurations with oscillation 
frequency f = 1.2 s-1, and afterwards the averages are 
normalised with regard to the average drag force 
magnitude. At small Stokes numbers the Basset force is 
the most important force after the drag force. It can be 
seen that the Basset force decreases with increasing 
diameter or Stokes number, respectively, whereas all 
other forces increase. This might be due to the 
circumstance that the Basset force tail is “deleted” when 
a particle hits a wall. Usually, more inertial particles are 
more likely to collide with walls than particles that 

mainly follow the fluid flow. For higher Stokes 
numbers, all forces seem to have an influence on the 
particles with magnitudes of more than 10% of the drag 
force. For small Stokes numbers, some forces are 
relatively unimportant, namely pressure gradient and the 
two lift forces. For density ratios near unity, even the 
gravity and buoyancy force becomes negligible, leaving 
added mass and Basset force as the only two forces 
beneath drag force with a considerable contribution to 
the particle motion. 
 

 
Figure 6: Averaged magnitude of considered forces Fi 

normalised by drag force Fdrag for fixed density ratios ρP/ρF in 
dependence of particle Stokes number St. 

Especially the fact that the magnitudes of added mass 
and Basset force are always higher than 10% of the drag 
force's magnitude should be emphasised. Due to their 
comparatively high demands for computational 
resources, these two forces are mostly neglected in 
particle simulations for industrial liquid-solid 
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multiphase flows like in mixing vessels. This is in this 
case clearly not justified. The same holds true for the 
two lift forces at higher Stokes number, meaning 
particles with large diameters or high density ratios. But 
it should be noted that this statement should be verified 
for other processes, as the flow in the FPR mixers is not 
necessarily comparable to flows in standard stirred 
vessels. On the other hand, in a stirred vessel the flow is 
much more inhomogeneous so that unsteady forces and 
the lift forces should be even more important. 

CONCLUSIONS AND OUTLOOK 

The fluid-flow simulation of FPR mixing vessels has 
been done and was verified with LDA measurements. 
Regarding the influence of pipe geometry the 
conclusions are that lifting the pipe has a much larger 
influence on the flow than changing its exit geometry. 
Furthermore, the oscillation frequency seems to have 
even more influence. Increasing it from a low frequency 
to the system's resonance frequency leads to a much 
more intense flow with higher velocities and higher 
turbulent kinetic energy and dissipation rates. 
However, increasing the frequency further, above the 
resonance frequency, drastically decreases the velocities 
and the turbulence properties. 
Several particle simulations have been done with the 
calculated flow fields, covering Stokes numbers from 
9.7·10-4 to 2.7. Mixing speed and mixing quality have 
been determined by means of the 90% lifting criterion 
and the correlation dimension. Overall the configuration 
“tripod at bottom” seems to have the best combination 
of mixing time and quality, even though the mixing 
quality of the “lifted one-sided cutout” is better for more 
inertial particles. 
Eventually, the influence of the different particle forces 
considered has been investigated. The magnitudes of the 
often neglected added mass force and Basset force are 
always higher than 10% of the drag force's magnitude 
and reach values of 142% regarding added mass force, 
and 66% regarding Basset force. The lift forces are quite 
low for small Stokes numbers, but are not negligible for 
higher Stokes numbers. Summing up, it should not be 
taken for granted that neglecting all these forces is 
always justified. 
The particle simulations are not verified yet, so 
measurements, e.g. with particle image velocimetry 
should be done. Additionally, the simulations could be 
improved, for example by including particle collisions, 
as suggested by Sommerfeld and Decker (2004), at least 
for high Stokes numbers, which lead to high particle 
concentrations at the bottom, or by extending the 
simulations to a fully 3-dimensional domain without a 
symmetry plane. 
The different forces naturally strongly depend on the 
fluid flow and the flow inside FPR mixing vessels 
surely differs from flows obtained with standard stirrers. 
This holds true even more for flows in other processes. 
Thus, the statements about the influence of the forces 
should also be investigated for other stirrers and 
industry scale processes. 

REFERENCES 

CROWE, C., SCHWARZKOPF, J.D., 
SOMMERFELD, M. and TSUJI, Y., (2012), 
“Multiphase Flow with Droplets and Particles”, 2nd 
Edition, CRC Press, Boca Raton, ISBN: 978-1-4398-
4050-4. 

DECKER, S., (2005), “Zur Berechnung von gerührten 
Suspensionen mit dem Euler-Lagrange-Verfahren”, 
PhD-Thesis, Martin-Luther-University Halle (Saale) 
(Germany). 

DENNIS, S.C.R., SINGH, S.N., INGHAM, D.B., 
(1980), “The steady flow due to a rotating sphere at low 
and moderate Reynolds numbers”, J. Fluid Mech., 101, 
257-279. 

VAN HINSBERG, M.A.T., TEN THIJE 
BOONKAMP, J.H.M. and CLERCX, H.J.H., (2011), 
“An efficient, second order method for the 
approximation of the Basset history force”, J. Comp. 
Phys., 230, 1465-1478. 

MEI, R., (1992), “An approximate expression for the 
shear lift force on a spherical particle at finite Reynolds 
number”, Int. J. Multiph. Flow, 18, 145-147. 

MICHAELIDES, E.E. and ROIG, A., (2011), “A 
reinterpretation of the Odar and Hamilton data on the 
unsteady equation of motion of particles”, AIChE J., 57, 
2997-3002. 

OESTERLÉ, B. and BUI DINH, T., (1998), 
“Experiments on the lift of a spinning sphere in a range 
of intermediate Reynolds numbers”, Exp. Fluids, 25, 16-
22. 

SAWATZKI, O., (1980), „Über den Einfluß der 
Rotation und der Wandstöße auf die Flugbahn kugeliger 
Teilchen im Luftstrom”, PhD-Thesis, University 
Karlsruhe (Germany). 

SCHMALFUSS, S., SÄUBERLICH, R. and 
SOMMERFELD, M., (2012), “CFD‐Simulation und 
LDA‐Messung der Strömungsvorgänge beim 
Fluidphasenresonanzmischen”, Chem. Ing. Tech., 84, 
547-552. 

SCHMALFUSS, S. and SOMMERFELD, M., (2017), 
“Numerical and experimental analysis of Fluid Phase 
Resonance mixers”, submitted to Chem. Eng. Sci. 

SOMMERFELD, M. and DECKER, S., (2004), “State 
of the Art and Future Trends in CFD Simulation of 
Stirred Vessel Hydrodynamics”, Chem. Eng. Technol., 
27, 215-224. 

SOMMERFELD, M., KOHNEN, G. and RÜGER, M., 
(1993), „Some open questions and inconsistencies of 
Lagrangian particle dispersion models“, Proceedings 
Ninth Symposium on Turbulent Shear Flows, Kyoto 
(Japan), Paper No. 15-1. 

SOMMERFELD, M., VAN WACHEM, B., 
OLIEMANS, R., (2008), “Best Practice Guidelines for 
Computational Fluid Dynamics of Dispersed 
Multiphase Flows”, ERCOFTAC (European Research 
Community on Flow, Turbulence and Combustion), 
ISBN 978-91-633-3564-8. 

 

797




