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Abstract

A numerical study has been conducted to determine the enhanced
settling velocity of small particles. These are particles with smaller
radii than the Kolmogorov length scale. Previous studies have found
that the particles settle faster in turbulence than in stagnant fluid, we
have also found this. This was in the limit of heavy particles, typically
103 times the density of the fluid. Additionally we have found negative
enhanced settling velocities when using linear Stokes drag. Other stud-
ies have detected negative enhanced settling velocities for certain cases
as well, but only when using non-linear Stokes drag. We have found
different enhanced settling velocities for different forcing schemes. Our
hypothesis is that these negative enhanced settling velocity values are
caused by the type of forcing scheme that is applied. The scale of the
eddies that dominate the behavior of the particles, at which these ve-
locities have been found, is the same as the forcing scale.
Not many studies have focused on light particles, with particle den-
sities 1.1 ∼ 2 times the fluid density. For these particles, forces such
as the pressure gradient, the Basset - and added-mass force should be
taken into account. With these forces included, an array of particle
density ratios has been tested between 1.1 and 103. The velocity en-
hancement is found to be lower for light particles, than for the heavy
ones. Even when the Stokes drag and the gravity forces are kept the
same. The extra forces give a reduction in the enhanced settling ve-
locity for light particles. This can be explained because these particles
can stay trapped in the vortices because of the pressure gradient.
For density ratios > 102, the enhanced settling velocity is not signifi-
cantly different from that calculated without the extra forces. In the
limit of heavy particles, these forces may indeed be neglected.
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1 Introduction

It is well known that small heavy particles can settle faster in homogeneous
isotropic turbulence, than in quiescent fluid [7] . This phenomenon is called
enhanced settling.
It can best be explained by the so called preferential sweeping effect: Sup-
pose a settling particle encounters an eddy on its way down, and assume
that it is moving slow enough so that is goes around the eddy. Most of the
time it will move along with the rotation of the eddy. By doing so, it ends
up in a downward flow. Hence it receives additional momentum and the
average settling velocity is higher.

g

Figure 1.1: Illustration of the preferential sweeping effect. The blue and red
disks represent two eddies with opposite vorticity. The particle trajectories
are indicated with black arrows. Image adapted from [7] .

Enhanced settling velocity has been investigated both numerically and ex-
perimentally for heavy particles. These are particles such as raindrops or
dust in the air with densities roughly three orders of magnitude higher than
the surrounding fluid. See [7], and [2] for example.
There have not yet been many investigations into the behavior of light1 par-
ticles in turbulence. These can be sand grains in rivers or algae in the oceans
for instance. See [3] for an experimental study. The current study aims to
give insight in the enhanced settling velocity of light particles in turbulence.
First some theory will lay the basis of the simulations to come. Secondly,
in Chapter 3 the numerical method will be discussed. Next, in Chapter 4
results for heavy particles will be compared to that of previous work (as a
kind of validation). Finally, in Chapter 5, the results for light particles will

1In this study “light” refers to almost neutrally buoyant.
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be presented.

2 Theory

This study is about the enhanced settling velocity of small particles in ho-
mogeneous isotropic turbulence. The fluid is described by the Navier–Stokes
equations for incompressible flow. Homogeneous means that the statistical
properties of the turbulent flow are the same everywhere, thus irrespective of
any translation in the fluid domain. The statistical properties of the turbu-
lent flow can be considered isotropic if there are no preferential directions,
i.e. reorientation of the coordinate system will not change these proper-
ties. This also means that the statistical properties of the forcing should
preferably be also homogeneous and isotropic.

2.1 One-way coupling

In this report only turbulence with low particle mass-fractions is considered.
The mass-fraction is the total mass of all particles, divided by the total fluid
mass. When low enough, the impact of the momenta of the particles on
the fluid is negligible. Thus a one-way coupled method will give a good
approximation to the behavior of the system. One-way coupling means that
the particles are influenced by the fluid, but they do not impact the fluid
or other particles. There is also two- and four-way coupling. The first also
includes the particles’ influence on the fluid. The second has all the above,
and on top of that adds interactions between particles.

For the one-way coupling approximation to be valid in the model, particles
should not be too large. This means that the radius of the particles must
not span “many” grid points, the simulation would not be accurate. The
particles should also be smaller than the length scale of the smallest eddies.
Otherwise Faxén corrections should be included.

Large particles also present a different problem: In general, the fluid velocity
need not be homogeneous over the surface of a particle. In the simulation on
the other hand, the model only uses one value of this velocity at the center
of the particle.

2.2 Energy cascade

The fluid motion consists of a spectrum of eddies, all with a different size.
Energy is transferred from the larger eddies to the smaller ones, this is called
the energy cascade.
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On the largest scales, the forcing is applied. The different scales correspond
to different wavenumbers k. kmf is the maximum forced wavenumber, only
modes with k ≤ kmf are forced. The largest wavenumbers are forced as a
way to input energy, but this can be done in many different ways. Such as
constant forcing amplitude, random amplitude with constant mean dissipa-
tion rate, and more. Energy is transferred to the inertial range, and to the
dissipation range. For k > kdiss viscosity plays a major role. It is at these
scales that most of the energy is dissipated, see Figure 2.1 .

If the energy inflow is constant, then the energy dissipation rate per unit
mass ε must also be constant. This means that every eddy scale “experi-
ences” the same energy flow [4]. However, the kinetic energy in a certain
scale depends on the wavenumber, this is schematically shown in the follow-
ing Figure 2:
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Figure 2.1: Energy in each scale plotted against the wavenumber k. The x-
and y-axis both have a log scale. The energy spectrum is almost proportional
to k−5/3 in the inertial range. Image adapted from [9].

If the simulated volume is divided into smaller blocks (more grid points),
the maximum distinguishable wavenumber kmax is increased. kmax should
always be greater than kdiss to be able to observe fine detail. In the model
kmaxη = 1.74 was used, with η the Kolmogorov length scale. Increasing
the grid size will improve accuracy, but will not always be computationally
efficient. The energy per wavenumber decreases even more rapidly in the
dissipation range, than in the inertial range. This means that increasing
kmax will eventually not yield much more detail.

2For the actual plot of an energy spectrum, see Section 7.5
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To make optimal use of a larger grid, and get higher Reynolds numbers, use
a larger ε or smaller ν since this also increases kdiss

3.

2.3 Particles in turbulence

The Maxey–Riley equation describes the motion of particles in fluid [1]:

mp
dup
dt

= 6πaµ(u− up +
1

6
a2∇2u) +mf

Du

Dt
− (mp −mf )gẑ

+
1

2
mf

d

dt

(
u− up +

1

10
a2∇2u

)
+6πa2µ

∫ t

0
dτ
du/dτ − dup/dτ + 1

6a
2d∇2u/dτ√

πν(t− τ)

(2.1)

In which u is the fluid velocity, up the particle velocity, mp the mass of a
particle and mf that of a fluid element, a the particle radius, g the gravita-
tional acceleration, ρ the density of the fluid and µ and ν the dynamic and
kinematic viscosity respectively.
The terms on the right hand side of Equation (2.1) are: The Stokes drag
(with Faxén correction term), a pressure gradient and gravity forces. On the
next lines there are the added mass force and the Basset force, both with
Faxén corrections.

The mass of the fluid mf , is defined as the mass of a spherical volume of
fluid at the position of the particle with the same radius. In this report
the Faxén corrections will be neglected, therefore particle radius should be
smaller than the Kolmogorov length scale η.

For “heavy” particles, for which the density is ∼ 103 times larger than that
of the fluid, also the added mass force, pressure gradient and history force
may be neglected [6] . Equation (2.1) then reduces to:

mp
dup
dt

= 6πaµ(u− up)− (mp −mf )gẑ (2.2)

For almost neutral buoyant particles, terms from Equation (2.1) may not be
so easily omitted. In this report the following simplified version is considered:

mp
dup
dt

= 6πaµ(u− up) +mf
Du

Dt
− (mp −mf )gẑ

+
1

2
mf

(
Du

Dt
− dup

dt

)
+6πa2µ

∫ t

0
dτ
du/dτ − dup/dτ√

πν(t− τ)

(2.3)

3A larger ε or smaller ν means a higher Reynolds number.
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Note the difference between the time derivatives D/Dt and d/dt [5]:
d

dt
=

∂

∂t
+ up ·∇ , following the particle

D

Dt
=

∂

∂t
+ u ·∇ , following a fluid element

In case of zero-mean (turbulent) flow, i.e. u = 0, the terminal velocity is:

us ≡ uterminal =
mp −mf

6πµa
g =

(
1− 1

β

)
τpg (2.4a)

With: τp =
mp

6πµa
, β =

ρp
ρ

(2.4b)

In which us is the Stokes velocity, and τp the particle response time. Note
that in some texts Equation (2.4a) is reduced to just τpg. Since also near
neutral buoyant particles will be considered, factor (1−1/β) from Equation
(2.4a) cannot be approximated by unity.

Scaling Equation (2.4a) with the Kolmogorov velocity results in:

us
uk

=

(
1− 1

β

)
St
gη

u2k
(2.5)

With St = τp/τk the Stokes number and η, uk and τk the Kolmogorov length,
velocity and time scales respectively.
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3 Numerical method

In the numeric experiments multiple families of particles are released in the
fluid. A family is group of particles with the same properties, except their
initial positions. Every family has different properties such as density ratio
and particle response time. The particles are initially randomly distributed
over the fluid. Since a one-way coupled method is used, a simulation with
N particles therefore gives the same result as if N one-particle experiments
were conducted.

The particles have no interaction with each other, neither do they influence
the fluid, see Section 2.1 . It is therefore possible to insert “many” particles
in the fluid to get better statistics. But, if you insert too many particles,
their behavior becomes correlated. The particles get close and experience
approximately the same flow. So in order to get optimal statistics for mini-
mal computational time:

The number of particles per family� the number of grid points

There is however no limit on the number of different families in the fluid,
apart from computation time and hardware limitations. The computation
time is significantly longer if the total number of particles is roughly the
same, or larger than the number of grid-points. This is because the La-
grangian part (particles) of the calculation is taking more time than the
Eulerian part (fluid).

Data from the simulation is saved at about every 103 time steps. This
accomplishes two things: It saves hard disk space, and only independent
measurements are stored. If data is saved just every few thousand time
steps there is roughly one large eddy turnover time between saves. The
measurements can then be treated as uncorrelated.

To solve the Navier-Stokes equations for a cubic domain with periodic bound-
ary conditions a pseudo spectral method is used. Furthermore, particles can
move out of the cube, but experience the same behavior as a particle at the
same position in the original cube. This has been illustrated in Figure 3.1.
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0

AB

Superlattice

Figure 3.1: Path of a particle that originated from point 0. A superlattice
of simulated cubes can be constructed. The middle cube is the original
calculated cell, the rest are copies. If a particle travels outside of the original
cube, point A. It then behaves the same as a mirror particle at B.

The flow is stimulated by forcing of largest eddies. In the model, mostly
the “Shellfast” forcing method has been applied. This method enforces an
energy input rate that is proportional to the turbulent kinetic energy in the
system, see Section 7.1 . The second used forcing scheme is the so called
“Pope” forcing. It enforces constant energy input rate.
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4 Heavy particles

4.1 Turbulent kinetic energy
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Figure 4.1: Plot of the turbulent kinetic energy TKE = u2rms/2 of the fluid
versus time. The time is scaled with the large eddy turnover time Te =
2.0. Arbitrary units on the y-axis. In this experiment g = 1, ν = 0.0033,
Reλ = 139, uz,rms = 1.8. (See Section 7.1 for the definition of uz,rms, and
Section 7.2 for that of Reλ.) All simulation quantities have been scaled with
a corresponding typical value of the flow, therefore they are dimensionless.

In Figure 4.1 the kinetic energy of the fluid is plotted and provides some
insight in how the TKE is evolving in time. The initial situation is chosen
to be: motionless particles, and fluid velocities with 0.85 % of their terminal
TKE. This explains the energy ramping up (with about 14% overshoot).
The energy then fluctuates around the equilibrium level of 4.8. When aver-
aged quantities are of importance the startup behavior is eliminated. Note
that the startup time for the fluid does not have to be equal to that of
the particles. To save computation time, in most of these simulations the
particles are initiated with their Stokes terminal velocity.
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4.2 Heavy particles
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Figure 4.2: Plot of the velocity enhancement due to turbulent flow for dif-
ferent Stokes numbers. The difference between the mean settling velocity of
the particles and their Stokes velocity is normalized by the single component
rms velocity of the fluid. In this experiment g = 9.81 (3) , ν = 0.032, the
particle density ratio is 1000 and Reλ = 39. Experiment conducted with a
total of 160000 particles, that is 3200 particles per family.

As can be seen from Figure 4.2, a maximum enhanced settling velocity is
reached at a Stokes number slightly under one (for this configuration). The
mean settling velocity can also be lower than us. More on this in Section
4.3.
“Large” Stokes numbers mean more inertia, a sufficiently heavy particle
is barely influenced by any small-scale turbulence, because of their short
timescales. Thus the velocity enhancement should vanish for “large” Stokes
numbers. Indeed, it does, see Figure 4.2 .
Particles with “small” Stokes numbers should neither experience a velocity
enhancement. In the limit St → 0, particles become tracers, which follow
the fluid completely, and do not settle at all. In Section 5 other values of β
are discussed.

3Note, g in the simulation is dimensionless, it has been scaled with a typical acceler-
ation of the flow. Therefore the value does not have to be the same as 9.81 ms−2, when
comparing with a flow on earth.
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Figure 4.3: Same as Figure 4.2 , but scaled by the Stokes terminal velocity
to give the enhancement in (%).

In Figure 4.3, the error bars are larger for smaller Stokes numbers, this is
for the following reason:
A velocity increase/decrease is always measured, albeit noise. However, for
“small” Stokes numbers, the velocity difference is divided by a “small” us
and therefore results in large error bars. This is not the case in 4.2 , where
the scaling is constant. In the remainder of this report, scaling with us will
be indicated with velocity increase, while the term enhancement is reserved
for scaling with the root mean square velocity of the fluid.

By capturing the velocity enhancement as a function of St and (1− 1/β)g,
all variables are covered, see Figure 4.4. It is not just β, or just g that
determines the physics of the system, it is the combination of both. However,
this statement will fail if more terms are added to the equation of motion,
like in Equation (2.3). This will be discussed further in Chapter 5.
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Figure 4.4: Velocity enhancement plotted versus the Stokes number and the
(1 − 1/β)g factor. This factor is displayed on the x-axis as (1 −mf/mp)g.
With ν = 0.032, ε = 0.7 and Reλ = 39.

4.3 Benchmark

To test the validity of the simulations, a comparison will be made below
with results from Wang and Maxey [7]. These results are for heavy particles,
β � 1. In this limit us from Equation (2.4a) will reduce to τpg.
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Enhanced settling velocity in -ẑ direction
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Figure 4.5: a: On the x-axis the Stokes number, on the y-axis the velocity
enhancement: settling velocity minus the Stokes velocity, normalized by the
fluid rms velocity. Following this format: (symbol, grid-size, Reλ;): �, 323,
21; �, 483, 31; ©, 643, 43; •, 963, 62; 4, 483, 30, and a different forcing
scheme. (For the 323 simulations, the size of the symbol is made the same
as the error bar). Image reproduced from [7]. b: Figure 4.2, with the same
scaling and axes as plot a.

Figure 4.2 can be best compared with the Reλ = 43 simulation from Figure
4.5a since it was done on the same resolution and had roughly the same
Reλ. Both graphs have their maximum at a Stokes number of about one.
The values of velocity enhancement are 0.12 for Figure 4.5a and 0.19 for
Figure 4.5b. This difference may be caused by the use of a different forcing
mechanism. There is one simulation from 4.5b that uses another forcing
scheme and also has a higher enhancement then the rest of the data.

Another discrepancy between Figures 4.5b and 4.5a , is the fact that the ve-
locity enhancement in 4.2 is negative around St = 2. However, in the limit
of large St numbers, this graph goes to zero as expected. Other studies,
such as [7] and [11], have also found a negative velocity enhancement. How-
ever only when using non-linear Stokes drag and when Rep � 1, see Section
7.3. In the simulations in this study only linear Stokes drag has been applied.
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A possible explanation for this is the forcing. Particles with large τp values
are less influenced by “small” eddies, as explained in Section 4.2 . These
particles are moved by larger eddies. In an extreme case by the eddies on
which the forcing is applied. So their behavior may be impacted by the
forcing method of the fluid. This is illustrated in the following figure:

g

1 1

2

A

Figure 4.6: Sketch of trajectories of various particles that are released at
point A. In this particular turbulent structure, particles with St ∼ 1 will
have the preferential sweeping effect, they follow path 1. Particles with
St � 1, on the other hand, are not effected by the turbulence and follow
path 2, without “much” velocity decrease. “Large” particles (St > 1 but
not � 1) roughly follow path 2. However, they get slowed down by the
upward flow between the lower two eddies, and therefore remain longer in
that region. If their faster velocity in the top region does not make up for
the delay in the lower region, they will have a negative enhanced settling
velocity. These “large” particles are not influenced by the smallest eddies.
Their trajectories are mainly determined by the largest eddies, which are
the ones that are forced directly.

To test the effect of the forcing on the negative velocity enhancement, a
comparison has been made between the two forcings: Shellfast and Pope.
The difference in enhanced settling velocity is plotted in this figure:
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Figure 4.7: Difference between settling velocity enhancements of two forc-
ing schemes. In other words, this is Figure 4.4 minus the same plot made
with the Pope forcing scheme. The subscripts on the z-axis refert to One:
Shellfast, two: Pope, both are briefly explained at the end of Chapter 3
. On the x-axis there is the gravity factor (1 − 1/β)g, on the y-axis the
Stokes number. The maximums of the original plots, lay at slightly different
Stokes numbers, this explains the bump in the difference. Used parameters:
β = 103, ν = 0.032 and ε = 0.7.

The difference seems rather significant, however the Reynolds numbers are
different too. For the simulation with Shellfast forcing, Reλ = 39, for the
one with Pope forcing Reλ = 29. The difference is caused by the difference
in root mean square velocity of the fluid. It should be fairly easy to match
these Reynolds numbers after some trial and error. However, due to limited
time we were unable to complete this.

A cross section of Figure 4.7, at (1− 1/β)g = 9.8 is shown in:
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Figure 4.8: Settling velocity enhancements for two forcings. red: Shellfast,
blue: Pope. β = 103, g = 9.81, ν = 0.032 and ε = 0.7.

17



4.4 Velocity distribution
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Figure 4.9: Vertical velocity distribution for particles with g = 9.81, β = 103

and St = 0.23. The bottom image is the same as the top one, except that a
log-scale is applied. Note that the average velocity value is shifted slightly
to the negative side.

The velocity distribution of particles in turbulent flow may look normally
distributed at first sight, see Figure 4.9a. However, in a logarithmic plot
the potential differences with a normal distribution may become visible, see
Figure 4.9b. The tail of the distribution would go slower to zero than that
of a perfect normal distribution for increasing |uz/uk| would [13]. Although
common in turbulent flow, this behavior has not been observed here. Nei-
ther is it observed in vertical velocity distributions with larger particles nor
with tracers. The Reynolds number may not be high enough to detect this
behavior. It is also possible that the amount of samples is not sufficient,
this means that the tails of the distribution are effectively cut off.
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5 Light particles

In this study “light” refers to almost neutrally buoyant. The investigated
density ratios are 1.1, 1.2, 1.5 and 2.
The light particles show a significant settling velocity increase relative to
the heavy ones from Figure 4.3 . The same simulation has also been ran
with different values of β, the results are summarized in:

β 1.1 1.2 1.5 2

Maximum increase(%) 64 67 51 39

Stokes* 0.94 0.70 0.47 0.47

Table 5.1: Settling velocity increase compared for multiple β values. With
g = 9.81, ν = 0.032, β = 1.1, λ = 1.0 and Reλ = 39. With λ being the
Taylor micro scale, see Section 7.2. *Corresponding to where the maximum
increase is found.

Keeping g constant, but lowering β corresponds to moving to lower (1−1/β)g
values, see Figure 4.4. For lower (1− 1/β)g, the velocity enhancement gets
lower too. However, the velocity increase can become larger since the veloc-
ity difference is divided by a lower value of us.

Results from β < 1.1 were too noisy to be useful. Decreasing β to “almost”
1 decreases the factor (1 − 1/β) rapidly. The same would be achieved by
letting g → 0, see Equation (2.5). Possibly, these simulations need more
time to give clear results because the start up time is longer.

5.1 Extra forces

For light particles some previously neglected forces can no longer be ne-
glected. They are summarized here:

1. Added mass force: It results from the fluid obstructing the particle’s
path. Some of this fluid is accelerated in the particle velocity’s direc-
tion, applying a force onto the particle.

2. Basset force: Sometimes referred to as the history force, is caused by
lagging of the boundary layer on a particle.

3. The fluid pressure gradient contribution.

The Basset force is usually neglected for its numerical complexity. This is
permitted if β � 1, or if particle accelerations are “small”. This is not
allowed for light particles [10]. To calculate the Basset force in a computa-
tionally efficient way, the method proposed in [12], is used.
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The maximum settling velocity increase is just 18 % instead of the 64% as
found in Table 5.1. Results are summed up in the following table:

β 1.1 1.2 2 10 100 1000

Maximum increase(%) 18 17 17 22 27 28

Stokes* 1.4 0.94 0.42 0.28 0.26 0.33

Table 5.2: Settling velocity increase compared for multiple β values.
g, ν, λ,Reλ are all the same as in Table 5.1 . *Corresponding to where
the maximum increase is found.

The results of Table 5.2 are opposite to those of Table 5.1: The maximum
settling velocity increase, decreases with decreasing β. This demonstrates
the difference the extra terms in Equation (2.3) make. However the results
for β < 2 in Tables 5.2 and 5.1 are less credible than those for higher β values
since the radius is too large at the indicated Stokes numbers, see Section 7.4 .

The difference in enhanced settling velocity for light particles is truly signifi-
cant when adding the extra forces. For heavy particles the same comparison
can be made. For St < 1, the difference is just noise. For higher Stokes
numbers, the velocity enhancement seems lower with the extra forces ap-
plied. However, the data for these Stokes numbers is not very reliable since
Rep � 1, see Figure 7.1 . This is when linear Stokes drag is no longer
sufficient. To mitigate this, Faxén corrections should be applied.

Summarizing the velocity enhancements with the extra forces enabled:
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Figure 5.1: Comparison of settling velocity enhancement for different β
values at (1 − 1/β)g = 1. With Shellfast forcing applied. β values are:
yellow: 1.2, magenta: 2, black: 10, red: 100, cyan: 1000 and blue: 1000
with just gravity and Stokes drag enabled. The yellow line may not be very
clear, it is situated only at the bottom-left of the Figure. The data has been
linearly interpolated since no data was present exactly at (1− 1/β)g = 1.

The lines in Figure 5.1 has been cropped at a/η = 1. Otherwise the particle
radii become too large to neglect Faxén corrections, see Section 2.1 . Below
is the same plot as in Figure 5.1 but with (1− 1/β)g = 8. Data for β = 1.2
and 2 are left out completely. The extrapolation that would be needed would
not be accurate for large g values.
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Figure 5.2: Comparison of settling velocity enhancement for different β
values at (1−1/β)g = 8. Also Shellfast forcing applied. β values are: black:
10, red: 100, cyan: 1000 and blue: 1000 with just gravity and Stokes drag
enabled.

From Figure 5.2 it can be seen that the settling velocity enhancement is
lower for lighter particles. Even when keeping the Stokes drag and gravity
force the same. The Stokes numbers are the same, and (1 − 1/β)g = con-
stant. The reduction in the enhanced settling velocity for light particles is
caused by the extra forces. These particles can stay trapped in the vortices
because of the pressure gradient (low pressure inside a vortex, high pressure
on the outside). The reduction is the clearest for the black line with β = 10
in Figure 5.2.
The same is less clear in Figure 5.1. The yellow and magenta lines rise more
gradual, indicating a lower enhancement for lower β values. Interestingly,
in Figure 5.1 even at β = 103 the extra forces still have a noticeable effect
on the enhanced settling velocity.

A summary of common flow parameters is given below:
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Gridsize 643

Total simulation volume (2π)3

g 0.25,0.5,1,9.81
β 1.1,1.2,2,10,100,1000
ε 0.7
ν 0.032
η 0.083
λ 1.0
Reλ 39
∆x 0.10
τk 0.21
τp Range from 0 to 100
St Range from 0 to 468
Te 9.7
∆t 0.0032
uz,rms 1.2
vk 0.39

Table 5.3: Simulation parameters of the most important simulations.
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6 Conclusion

Our benchmark shows similar results, but also shows several differences:
First the maximum of the enhancement is different. Secondly negative en-
hanced settling velocities are found, which is only observed by [7] and [11]
with non-linear drag. The first difference is most likely caused by the forc-
ing, [7] . The latter may also be caused by the forcing. To investigate this,
a comparison has been made for the forcings Shellfast and Pope. The dif-
ference can be explained by the two enhancements having their maximum
at a different Stokes value. Although the simulations use the same β, ν and
ε, they have different values of Reλ. So the source of the negative enhanced
settling velocity has not yet been determined.
The enhanced settling velocity of light particles has been investigated for
multiple values of g, β, and St. The maximum velocity enhancement is
expected to drop as β goes to 1, particles then start to become neutral
buoyant, and do not settle. The numerical results also show this drop in
velocity enhancement, see Figure 5.2 . Interestingly, this reductions is also
observed when Stokes drag and the gravity force are held constant.
The reliability is questionable for simulations in the domain of large Stokes
numbers and/or low β. The problem with this domain is: one, the particle
Reynolds numbers become larger than 1, see Figure 7.1 . Just linear Stokes
drag is used in this numerical model, but for Rep > 1 non-linear Stokes drag
should be applied [7].
And two, the particle radius becomes larger than the Kolmogorov length
scale η Figure 7.2 . If Faxén corrections are to be neglected, a/η should not
exceed 1. However, for a lot of the results it does, this could explain the
unpredictable velocity enhancements for St > 102. Another disadvantage of
large radius is fluid disturbance. Large particles (a > ∆x) should impact
the fluid, since only one-way coupling is used, some flaws are introduced.
A suggestion for a follow-up study would be to include Faxén corrections and
determine the enhanced settling velocity of light particles for higher Stokes
numbers (St > 1). Possibly, even lighter particles can be investigated.
Also interesting would be to investigate the impact of different forcing meth-
ods more thoroughly. There can be made improvements upon the accuracy,
this can simply be done by extending the simulation time.
Furthermore, different (1 − 1/β)g values can also be explored. And lastly,
the extra forces can be turned on/off one by one to pinpoint the cause of
the reduction in enhanced settling velocity for light particles.

24



7 Appendix

7.1 Root mean square velocity

The root square velocity is defined as:

urms =

√√√√ 1

n

N∑
i=1

u2i (7.1)

It can be calculated in various different ways:

1. Taking the root of the mean of the squares of individual velocity com-
ponents at every grid point.

2. Placing tracers in the fluid, and applying (7.1) to their velocities.

3. Calculate it from the kinetic energy of the fluid, see (7.2).

In our case, point 3 is by far the easiest, since this energy is a quantity that
can be measured in the simulation. The turbulent kinetic energy(TKE), is
defined as follows:

TKE =
1

2
u2rms (7.2)

The TKE defined in (7.2) is actually kinetic energy per unit mass. So
the urms is simply

√
2 · TKE. In certain contexts the single component

rms velocity is desired. For an isotropic medium, there is no preferential
direction and therefore:

ux,rms = uy,rms = uz,rms = urms/
√

3

7.2 Taylor microscale

“The Taylor microscale is a length scale used to characterize a turbulent
fluid flow. The Taylor microscale is the intermediate length scale at which
fluid viscosity significantly affects the dynamics of turbulent eddies in the
flow.”[8] It is defined as:

λ =
√

5ν 〈u2〉 /ε = urms
√

5ν/ε = uz,rms
√

15ν/ε (7.3)

With uz,rms the single component root mean square velocity. A turbulence
Reynolds number can then be defined as:

Reλ =
uz,rmsλ

ν
= u2z,rms

√
15

νε
(7.4)
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7.3 Particle Reynolds number

Besides Reλ there is a different Re number, the particle Reynolds number:

Rep =
dp|u− up|

ν
(7.5a)

With dp the diameter. Since the flow is turbulent, there are multiple values
of this quantity. In this study the average value has been chosen. For a
certain family of particles, dp is a constant. ν is also a constant, so these
numbers can be taken out of the brackets. As an approximation the settling
velocity has been used. To further reduce (7.5a) , τp from Equation (2.4b)
is used:

Rep =
dp
ν
〈|u− up|〉 ≈

dp
ν
| 〈up,z〉 |

=

√
18τp
νβ
| 〈up,z〉 | = 3

√
2St

β

| 〈up,z〉 |
uk

(7.5b)

Figure 7.1: Reynolds particle numbers plotted for β = 103 and various St
and g values.

7.4 Particle radius

The particle radius should not exceed the Kolmogorov length scale, other-
wise the assumption of “small” particles breaks down. From Section 2.3
on, the Faxén corrections were neglected because of this assumption. The
particle radius can be derived from the definition of the particle response
time, see Equation (2.4b) :

a = 3

√
ντp
2β

(7.6a)
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a/η = 3

√
St

2β
(7.6b)

With η the Kolmogorov length scale. This is graphically shown in Figure
7.2 .

Figure 7.2: Particle radius, normalized by the Kolmogorov length scale η.
The same range of β and Stokes numbers has been used as in Table 5.1 .

7.5 Energy spectrum

In the following Figure, the energy spectrum of one of the simulations has
been determined:
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Figure 7.3: Energy spectrum calculated in one of the simulations. With
ν = 0.032, and Reλ = 39. Shellfast forcing has been applied. Note that
these are dimensionless quantities.
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