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Abstract
Magnetic density separation (MDS) is a promising recycling technique that can improve the sus-
tainable usage of plastic. The MDS technique uses a magnetic field applied to a ferrofluid to
generate a specific effective mass density gradient in the fluid. Shredded plastic waste, which is a
collection of various types of plastics, is injected in a separation chamber and will settle to its equi-
librium height such that it can be separated according to its mass density. The level of turbulence
in the separation chamber must be as low as possible to obtain sufficient separation efficiency.
Numerical, as well as experimental work is discussed regarding the turbulence level downstream
of a honeycomb laminator as used in the MDS system. With particle image velocity (PIV) the
two-dimensional velocity field downstream of the honeycomb is measured and analyzed. These
measured velocity fields are used as an input for a numerical model which predicts the particle
dynamics in the presence of this honeycomb induced background flow. It is found that besides
suppressing the turbulence, the honeycomb does also generate turbulence itself. The break-up of
the individual channel profiles corresponds with an increase in the turbulence intensity. It is found
that the turbulence intensity peak position and height are dependent on the Reynolds number and
the used honeycomb.

A more in-depth analysis of the generated turbulence is made through the turbulence kinetic
energy budget. Here the difference between the generated turbulence for a laminar and turbulent
case is discussed. In the laminar cases the turbulent energy is mainly produced by the shear layers
between the individual cells. This does also hold for the turbulent case, besides the fact that this
flow is already highly turbulent while exiting the honeycomb cells.

The decay of the turbulence intensity downstream of the honeycomb is fitted with a power law.
This research proposed to use the position where the production term of the turbulent energy
reaches its maximum as a virtual origin. With the virtual origin fixed, near-field and far-field
decay regions are found experimentally and numerically. For the experimental results the near-
field decays with the power p ≈ −2.25 and the far-field with the power p ≈ −1.16. For the
numerical results the near-field decays with the power p ≈ −1.89 and the far-field with the power
p ≈ −1.37.

Finally the numerical model is used to predict the separation efficiency of a many-particle system
in the presence of a background flow. Here several situations are investigated. It is shown that
neglecting the history force has a significant effect on the separation error. Furthermore, the
particles are the most dominant factor in breaking-up the individual channel profiles, resulting in
a turbulence intensity peak closer to the honeycomb than in a simulation without particles. The
choice for the best honeycomb and cell Reynolds number is a trade-off between the separation
error and the particle throughput.
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1. Introduction
In a present-day household, the usage of plastic is indispensable. However, the recycling of this
plastic is still a concern. It is estimated that around 8300 million tonnes (Mt) of plastics have been
produced until 2017 [Geyer et al., 2017]. Around 6300 Mt contributes to the generated plastic
waste, whereof 9% has been recycled, 12% has been burned and 79% ended in landfills or natural
environment. A well known example of the impact of plastic waste on the environment is the
plastic soup in the oceans.

In 2019 the Dutch government made a pact with several companies about the reuse of plastic,
called the Plastic Pact NL [van Veldhoven-van der Meer, 2020]. In this pact it is stated that by
2025 only plastic products and packages are used which are reusable or 100% recyclable. However,
achieving 100% is a difficult task. The currently used recycling methods include shredding mixtures
of different types of plastics. Subsequently, these plastics are melted or pelletized, such that they
are transformed into new lower value plastic products.

Magnetic density separation (MDS) is a promising recycling technique that can improve the sus-
tainable usage of plastic [Bakker et al., 2009]. A schematic representation of the MDS setup is
shown in Figure 1.1. The MDS technique uses a magnetic field applied to a ferrofluid to generate
a specific effective mass density gradient in the fluid. This ferrofluid flows through a flow lamin-
ator, or honeycomb, before it enters the separation chamber. The honeycomb is used to suppress
the turbulence level in the flow such that the flow is as laminar as possible. Conveyor belts are
installed on the top and bottom of the channel and move with the mean streamwise velocity. The
conveyor belts are installed in order to prevent the formation of boundary layers. Shredded plastic
waste, which is a collection of various types of plastics, is injected on the left top and bottom and
will settle to its equilibrium height in the separation chamber and can be separated according to
its mass density. The plastic particles will be separated by separator blades and are ready for
post-processing, for example separation on colour.

The company Umincorp and the NWO (the Dutch organization for scientific research) have funded
the MDS research program to optimize the separation process. The MDS research group of the
TU/e investigates two aspects of the process both numerically and experimentally. One aspect is
the dynamics of the settling particles and the particle-particle interactions. More knowledge about
this process results in a more accurate prediction of the time needed for the particles to reach their
equilibrium position. The other aspect is how the flow behaves downstream of the honeycomb.
Besides suppressing the turbulence, the honeycomb does also generate some turbulence itself. This
aspect is investigated by varying the number of cells, cell size, and wall thickness of the honeycomb.

The work presented in this thesis focuses on combining the knowledge of the two different aspects.
At the start of this project, a working numerical model [Tajfirooz et al., 2020] as well as a working
experimental set-up were available. The numerical model solves the fluid governing equations and
predicts the trajectory of a large number of settling particles in a magnetic fluid. The experimental

x

Magnet

Magnet

y

Separation chamber

Input particles

Flow laminator Separator platesConveyor belt

Figure 1.1: A schematic representation of the magnetic density separation setup. Different
markers (colours) represent plastic particles with different mass densities [Tajfirooz et al., 2020].
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set-up is a single-channel wind tunnel where the flow downstream of different honeycombs can be
measured with a particle image velocimetry (PIV) measurement technique. Due to the COVID-19
pandemic, the range of experiments is limited to only investigate the effect of different Reynolds
numbers for one honeycomb. The main goal of the project is to measure the velocity field down-
stream of different honeycombs with different Reynolds numbers and implement these fields in the
numerical model. With the new numerical model, the influence of different background flows on
the separation efficiency of the particles can be predicted.

The structure of this thesis is as follows, in Chapter 2 a general theoretical background is given.
Then the before mentioned experimental set-up as well as the numerical model are introduced in
respectively Chapter 3 and 4.

In the Chapters 5, 6, and 7 the flow downstream of the honeycomb will be investigated with both
the numerical model and the experimental set-up. In Chapter 5 the effect of different honeycombs
and Reynolds numbers is investigated. The main purpose of this Chapter is to see if the numerical
model is able to predict the same trends as observed experimentally. Since due to the COVID-19
pandemic only one honeycomb was used for measurements, results from literature were used for
the validation.

In Chapter 6 a more in-depth investigation is done by means of the turbulence kinetic energy
(TKE) budget. This budget gives a better insight into how the turbulent energy is produced
and dissipated downstream a honeycomb. Bachelor student Simons [Simons, 2020] investigated
the determination of the experimental TKE budget, which was supervised by the author of this
thesis.

The dissipation of the turbulent energy decays with a turbulence power law. This power law
is extensively researched for grid generated turbulence by for example Batchelor and Townsend
[Batchelor et al., 1948], Mohamed and LaRue [Mohamed and LaRue, 1990] and Isaza et al. [Isaza
et al., 2014]. However, the application of this law to the honeycomb induced flow instabilities is
still missing. In Chapter 7 the application of turbulence power law on the flow downstream a
honeycomb is discussed.

As stated before the main goal of the project is to set-up a numerical model that predicts the
particle separation efficiency in the presence of a honeycomb induced background flow. In Chapter
8 the results of this numerical model are presented. The numerical model is used to investigate the
effect of different situations, like for example the effect of different honeycombs, different Reynolds
numbers, different particle sizes, and the effect of a different injection position.

Finally, the main conclusions and recommendations for further research are summarized in Chapter
9.

2 Honeycomb wake turbulence and particle dynamics in a magnetic density separation system



2. Theoretical background
This chapter describes the relevant theory for this research. First, the working principle of the
MDS technique is explained. Then, the theory corresponding to a rectangular duct flow for both
a laminar and a turbulent case are discussed. Finally, the idea of the honeycomb is explained
together with the corresponding theory.

2.1 Working principle

The ferrofluid which is used in the MDS apparatus is a mixture of water and magnetic nanoparticles
that interact with a magnetic field. In the presence of a magnetic field, the apparent weight of the
liquid becomes the sum of gravitational force and the vertical y-component of the magnetic force
[Hu, 2014] [Tajfirooz et al., 2020].

F = ρfVfgey − µ0MVf∇H, (2.1)

with F the apparent weight of a volume of magnetic liquid Vf with magnetization M , ρf the mass
density of the fluid, g the acceleration of gravity which acts in the negative y-direction, µ0 the
permeability of vacuum and H the applied magnetic field.

If the magnets are designed such that the magnetic field gradient is parallel to the gravitational
force and when non-magnetic particles with a mass density ρp are injected, Archimedes’ law states
that

F = ρpVfgey − (ρfg − µ0M
dH

dy
)Vfey. (2.2)

With the magnetic field gradient which only has a component in the y-direction, the particles
become weightless when the particle mass density equals the effective mass density of the fluid

ρp = ρeff , (2.3)

where the effective mass density is defined as

ρeff = ρf −
µ0M

g

dH

dy
. (2.4)

Note that the effective mass density is dependent on the gradient of the magnetic field and therefore
the effective mass density can be different for each y position, and can be bigger or smaller than the
liquid mass density, dependent on the position of the magnet. Due to this y-dependent effective
mass density, injected plastic particles with different mass densities will levitate to different heights.
This results in a high-resolution mass density-based separation technique.

2.2 Rectangular duct flow

In this section, the flow inside a rectangular duct will be discussed. A well known situation is the
flow in a cylindrical pipe, which can be described with the Hagen-Poiseuille equation where the
flow velocity is only a function of the radial coordinate. This equation is based on the assumption
that there is a Newtonian fully developed incompressible laminar flow. Since the MDS uses a
honeycomb with a rectangular duct, the flow can not be described in cylindrical coordinates
but must be described in Cartesian coordinates. Figure 2.1 shows a rectangular duct with the
corresponding Cartesian coordinate system. The streamwise x-direction is in the in-plane direction
and its velocity vector is indicated with u, while the y and z velocities are respectively v and w.
The aspect ratio α∗ of the duct equals 2b/2a.

The flow velocity profile inside the duct is different for a laminar and turbulent flow. Reynolds
showed that the transition from a laminar to a turbulent flow occurred at or near a fixed value of

Honeycomb wake turbulence and particle dynamics in a magnetic density separation system 3



Figure 2.1: A two-dimensional rectangular duct with the aspect ratio 2b/2a. With y the vertical
direction, z the horizontal direction and the streamwise x-direction is in the normal direction of
the plane.

the ratio of inertial forces to viscous forces, the so-called Reynolds number. The Reynolds number
based on the hydraulic diameter Dh of the channel equals

Re =
ρf ŪDh

µ
=
ŪDh

ν
, (2.5)

with U the average flow speed in the channel, µ the dynamic viscosity of the fluid, and ν the
kinematic viscosity of the fluid. The hydraulic diameter is defined as the ratio between the cross-
sectional area of the flow to the wetted-perimeter of the cross-section. In the case of a rectangular
channel, this can be written as

Dh =
4ab

a+ b
, (2.6)

with b the half-height and a the half-width of the channel. Channel flow can become turbulent
when the Reynolds number is above 2300. However, when the flow conditions are ideal, it is
possible to maintain a laminar flow up to a Reynolds number of about 105 [Nieuwstadt et al.,
2016].

2.2.1 Laminar flow

Figure 2.2 shows a steady laminar flow between two infinite parallel plates. The flow enters with a
uniform velocity profile while a boundary layer gradually forms near the walls. The starting point
for such a flow are the mass and momentum conservation of an incompressible Newtonian fluid
which equal respectively

∇ · u = 0, (2.7)

ρf

(
∂u

∂t
+ (u ·∇)u

)
=∇p+ ρfg + µ∇2u, (2.8)

with u the fluid velocity. Due to boundary layer shown in Figure 2.2, the velocity profile is
dependent on the streamwise position such that ∂u

∂x is not equal to zero. According to the continuity

equations ∂u
∂x + ∂v

∂y = 0 it follows that v 6= 0. The boundary layer becomes thicker until it reaches
the center of the pipe. Then the flow will be fully developed and the velocity profile becomes
independent of the streamwise coordinate and is only a function of the coordinate in the direction
of the channel height.

Shah and London [Shah and London, 1978] derived an analytical expression for a fully developed
laminar velocity profile for a rectangular duct. The velocity profile is the solution of the momentum
equation in combination with the no-slip boundary condition, and is given by Equation 2.9.

u(y, z) = −16c1a
2

π3

∞∑
n=1,3,...

1

n3
(−1)(n−1)/2

[
1− cosh(nπy/2a)

cosh(nπb/2a)

]
cos

(
nπz

2a

)
. (2.9)
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Figure 2.2: Development of a laminar flow in a channel. While the flow is still in the entrance
length the upper and lower boundary layers affect the flow such that the velocity profile is de-
pendent on the streamwise x and wall-normal y coordinates. When the flow is fully developed the
velocity profile becomes independent of the streamwise coordinate [Kundu et al., 2016].

Since this equation is rather complicated to evaluate, they proposed a simple approximation which
is valid when the aspect ratio α∗ ≤ 0.5:

u(y, z) = Ū

(
m+ 1

m

)(
n+ 1

n

)[
1−

(
y

b

)n][
1−

(
z

a

)n]
, (2.10)

where m and n are functions of the aspect ratio

m = 1.8 + 0.5(α∗)−1.4 (2.11)

n =

{
2, for α∗ ≤ 1/3

2 + 0.3(α∗ − 1/3), for ≤ 1/3α∗ ≤ 0.5.
(2.12)

Figure 2.3 shows this fully developed velocity profile in a channel with a width of 9.5 mm and a
height of 9.4 mm and with a mean velocity of U = 1 m/s . The velocity shows a parabolic profile
where the maximum velocity for this aspect ratio is about 2.2 times the mean velocity.

-5 0 5

z [mm]

0

0.5

1

1.5

2

2.5

u
(z

) 
[m

/s
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(a) (b)

Figure 2.3: Laminar fully developed rectangular duct flow with U = 1 m/s. The channel has a
width of 9.5 mm and a height of 9.4 mm. Left a cross-section is shown at y = 0 mm.
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The region where the flow is not fully developed is called the entrance length Le. For a laminar flow
in a channel, this entrance length is dependent on the hydraulic diameter and the cell Reynolds
number and is given by

Le = cReDh, (2.13)

with c equal to 0.0871 for a rectangular channel [Shah and London, 1978].

2.2.2 Turbulent flow

A turbulent flow is a state of the flow that is chaotic and contains fluctuations. Since resolving
every detail of the flow is not always necessary, it is worthwhile to focus on statistical quantities.
The Reynolds decomposition is a mathematical technique to separate an instantaneous quantity
into an average plus a fluctuation [Nieuwstadt et al., 2016], like for example the velocity u(x, y, z, t)
and the pressure p(x, y, z, t)

u(x, y, z, t) = u(x, y, z) + u′(x, y, z, t), (2.14)

p(x, y, z, t) = p(x, y, z) + p′(x, y, z, t), (2.15)

where the Reynolds average operator is denoted by the bar and the fluctuation term by the prime.
The Reynolds average operator must satisfy certain Reynolds conditions [Nieuwstadt et al., 2016]

f + g = f + g, (2.16)

αf = αf, (2.17)

∂f

∂s
=
∂f

∂s
, (2.18)

fg = fg, (2.19)

with f and g fluctuating quantities and α a constant. Based on these Reynolds conditions it must
also hold that u′ = 0, thus the Reynolds averaged velocity fluctuations are equal to zero. For the
duct flow we study here, Reynolds averaging is equivalent to time averaging. Substituting this
Reynolds decomposed velocity for only the x-direction into the governing Equations 2.7 and 2.8
results in the governing equations for the mean flow [Kundu et al., 2016]. The continuity equations
for the mean flow and for the fluctuations become

∇ · u = 0, (2.20)

∇ · u′ = 0, (2.21)

meaning that the mean and fluctuating velocity fields are divergence free. For the mean momentum
equation the same procedure must be followed and the Reynolds conditions must be used, resulting
in

ρf

(
(u ·∇)u+∇ ·

(
u′u′

))
=∇p+ ρfg + µ∇2u, (2.22)

with the Reynolds stress term∇
(
u′u′

)
. In general, the wall-shear stresses of a turbulent flow are

higher than those of a laminar flow, which results in a larger velocity gradient near the wall. This
larger velocity gradient results in a more uniform velocity profile for a turbulent flow compared
to the parabolic velocity profile of a laminar flow. Figure 2.4 shows the mean velocity profile in
a channel with a width of 9.5 mm and a height of 9.4 mm and with a mean velocity of U = 1
m/s. The velocity shows a more uniform profile where the maximum velocity for this aspect ratio
is about 1.2 times the mean velocity. The mean velocity profile is extracted from a DNS duct
simulation, more information about this simulation is given in Section 4.2.1.
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Figure 2.4: Turbulent fully developed rectangular duct flow with U = 1 m/s. The channel has
a width of 9.5 mm and a height of 9.4 mm. Left a cross-section is shown at y = 0 mm. The mean
velocity profile is extracted from a DNS duct simulation, more information about this simulation
is given in Section 4.2.1.

2.3 Honeycomb induced flow instabilities

The magnetic density separation technique based on the mass density of the particles is a sensitive
technique. If the plastic particles get disturbed by an external force or by interaction with other
particles, they may end up at the wrong vertical position and will not be separated correctly.
Therefore, the combination of a high throughput together with a high separation efficiency is a
challenging task. Achieving a high throughput means using a high velocity in the chamber which
will result in larger instabilities and possibly a turbulent flow. To reduce the turbulence level in the
channel, the MDS setup uses a laminator in the form of a honeycomb upstream of the channel. In
addition the upper and lower walls move with the mean velocity of the flow by means of conveyor
belts to prevent the formation of boundary layers. Figure 2.5 shows an example of a honeycomb
laminator.

Figure 2.5: A schematic example of a honeycomb laminator.

The average cell velocity U cell inside one cell of the honeycomb can be determined based on
the average downstream velocity U∞ and the solidity s of the honeycomb. The solidity of a
honeycomb structure is defined as the ratio of the solid area to the total area of a cross section of
the honeycomb:

s = 1−
∑
Acell

Atotal
=

∑
Awall

Atotal
. (2.23)
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Based on the conservation of mass the average cell velocity can be found by using

U cell = U∞
1

1− s
. (2.24)

Through the whole project the Reynolds number is based on the honeycomb cell, and is defined
as

Re =
U cellDh

ν
. (2.25)

Lumley [Lumley, 1964] investigated the passage of turbulent flow through a honeycomb. He stated
that the suppression of turbulence is mostly dominated by the inhibition of the lateral components
of the velocity fluctuations. The flow that leaves the honeycomb is not always laminar, small
turbulent eddies with a length scale smaller than the cell diameter will remain in the flow. Using
a honeycomb with a smaller cell diameter enhances the suppression of these turbulent eddies.
However, too small cells can have practical disadvantages like for example blockage of the flow
and a larger pressure loss.

Besides suppressing the turbulence, honeycombs also generate turbulence1 at the trailing edge
of the honeycomb. In a second article Lumley and McMahon [Lumley and McMahon, 1967]
analyzed this additional turbulence generation. Loehrke and Nagib [Loehrke and Nagib, 1976]
performed experiments with honeycombs where they showed that they suppress turbulence, but
in the meantime, additional turbulence is created due to the shear layer instabilities. Both Lumley
et al. and Loehrke et al. explained that the additional turbulence is generated via the break-up of
the mean velocity profile from each cell. The amount of generated turbulence can be characterized
using the turbulence intensity TI and is defined as

TI =

√(
u′RMS

2 + v′RMS
2 + w′RMS

2
)
/3

U∞
, (2.26)

with u′iRMS the root mean square of the velocity fluctuations and U∞ the time averaged velocity
downstream of the honeycomb. The root mean square is determined over N sample measurements
of the velocity fluctuations and is defined as

u′i,RMS =

√√√√ 1

N

N∑
i=1

u′i
2, (2.27)

and the time averaged velocity for the three directions as

U∞ =
√
u2∞ + v2∞ + w2

∞. (2.28)

Loehrke et al. visualized the flow downstream of the honeycomb with a hot-wire anemometer.
They used a compressed-air driven wind tunnel and created a honeycomb with plastic drinking
straws with a straw diameter of 0.455 cm and varied the length by using 2.5, 7.5, and 25 cm straws.
Figure 2.6 shows the measured velocity profile U in the radial direction at different positions
downstream of the honeycomb for a cell center-line velocity of 10.7 m/s, which corresponds to a
cell Reynolds number of around 1290. This figure visualizes the development of the individual
velocity profiles towards one uniform velocity profile.

Figure 2.7 shows in the upper part the mean velocity U downstream of the honeycomb with 25 cm
long straws. The flow velocity inside the honeycomb is approximately 11.3 m/s and drops towards
a velocity U∞ around 4.9 m/s. The lower part of Figure 2.7 shows the turbulence intensity
(denoted by u′/U∞) downstream of the honeycomb. The mixing of the individual profiles can
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Figure 2.6: Radial velocity profile U downstream of a honeycomb made of straws with a length
of 7.5 cm and a diameter of 0.455 cm [Loehrke and Nagib, 1976].

be observed by comparing the velocity and turbulence intensity lines. While the velocity drops
towards a constant value the turbulence intensity increases indicating a high mixing effect.

Dellaert et al. [Dellaert et al., 2020] did experiments with laser Doppler velocimetry on the
turbulence intensity downstream of several honeycombs with different length and diameter. He
used a wind tunnel with three incoming rectangular channels that merge into a single channel
and measured at the y-z center of the channel as a function of the streamwise coordinate x. His
experimental setup is therefore a better representation of the real MDS system, which has also
three channels. In his research, the effect of different honeycombs is measured, where he changed
the cell diameter and wall thickness. The dimensions of the honeycombs are stated in Table 5.3.
Figure 2.8 shows the results of Dellaert et al. for four different honeycombs each with a cell
Reynolds number of 2100. He showed that if the wall thickness of the honeycomb is more or less
constant, the peak position is at a constant value of x/Dh.

1In this report the velocity fluctuations will be called turbulence, even though they are not always turbulent.
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Figure 2.7: Axial profile of u′/U∞ and U downstream a honeycomb made of straws with a
length of 25 cm and a diameter of 0.455 cm. Remark that at x = 0.25 cm and at x = 1.3 cm the
individual straw profiles can still be distinguished [Loehrke and Nagib, 1976].
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Figure 2.8: The laser Doppler velocimetry results of Dellaert et al. The turbulence intensity
downstream different honeycombs is plotted for a cell Reynolds number of 2100[Dellaert et al.,
2020].

2.4 Homogeneous isotropic turbulence

Homogeneous isotropic turbulence is an idealized model which is often used in turbulence theory.
Comprehensive reviews are presented by for example Taylor [Taylor, 1935] and Batchelor [Batch-
elor and Press, 1953]. If the velocity fluctuations are homogeneous, they are invariant with respect
to a translation. If turbulent fluctuations are isotropic, they are also invariant with respect to
rotations of the coordinate system. This concept is visible in Figure 2.9 where a scatter plot of
(u′,v′)-paired data for different time steps are shown. The isotropic set shows a symmetric cloud
of data points with u′v′ = 0.

So a homogeneous and isotropic turbulence flow has no spatial variations and is equal in all
directions, leading to the simplified equations

∂

∂xi
u′j
n = 0, (2.29)

u′2 = v′2 = w′2 (2.30)(
∂u′

∂x

)n
=

(
∂v′

∂y

)n
=

(
∂w′

∂y

)n
(2.31)
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Figure 2.9: Scatter plots of velocity fluctuation samples from an isotropic and anisotropic tur-
bulent field. The dots represents a (u′,v′)-pair for different time steps. The isotropic set shows
a symmetric cloud of data points with u′v′ = 0. The anisotropic data set shows a negative
correlation between u′ and v′ indicating u′v′ < 0 [Kundu et al., 2016].

(
∂u′

∂y

)n
=

(
∂u′

∂z

)n
=

(
∂v′

∂x

)n
=

(
∂v′

∂z

)n
=

(
∂w′

∂x

)n
=

(
∂w′

∂y

)n
(2.32)

with i 6= j and i and j running from 1 to 3 for the different directions and n a positive integer
value.

Scientists have extensively studied grid turbulence since a properly designed grid generates homo-
geneous and isotropic turbulence. Although the purpose of a grid and a honeycomb is different,
their setup and behavior are quite similar. Both the honeycomb and the grid consist of a mesh-
structured pattern with a certain cell diameter and rod/wall thickness. The behavior is similar
in the sense that in both cases the generated turbulence decays as a function of the streamwise
distance. This is extensively investigated by Batchelor and Townsend [Batchelor et al., 1948] and
later by many other scientists [Mohamed and LaRue, 1990] [Kurian and Fransson, 2009].

A method to address the homogeneity of the turbulence is proposed by Mohamed and LaRue
[Mohamed and LaRue, 1990]. The transverse variation of the difference between the rms of the
streamwise velocity fluctuations should go to zero

H(u′) =

√
u′2 −

√
u′20√

u′20

, (2.33)

with u′0 the velocity fluctuations at the center of the channel which is therefore only a function of
the streamwise x-direction.

One of the methods to assess the amount of isotropy in turbulence is to check if u′ = v′ = w′.
Another method is to determine the skewness factor of the velocity fluctuation distribution. The
skewness is defined as [Batchelor et al., 1948]

S(u′) =
u′3

u′2
3/2

. (2.34)

A non-zero skewness indicates a probability density function (PDF) which is skewed or asymmetric.
Positive skewness means that the fluctuating velocity u′ is more likely to take on large positive
values than large negative values. Therefore, an isotropic flow will have zero skewness. In addition
to the skewness, the kurtosis describes the shape of the PDF [Batchelor et al., 1948]

K(u′) =
u′2

u′2
2 . (2.35)
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A PDF with longer tails will have a larger kurtosis than a PDF with narrower tails. For a normal
distribution of the velocity fluctuation PDF, K(u′) = 3.

12 Honeycomb wake turbulence and particle dynamics in a magnetic density separation system



3. Experimental set-up
This chapter explains the experimental set-up used in this research. A single-channel wind tunnel
is used together with the planar particle image velocimetry (PIV) technique in order to visualize
the two-dimensional velocity field downstream of the honeycomb. First, the set-up with the used
components is shown. Then the theory behind planar PIV is explained together with an analysis
of the needed pixel displacement and interrogation window size.

3.1 The single-channel wind tunnel

The set-up consists of a single-channel wind tunnel made of Perspex and has a length of 1.75 m,
an internal width of 69,6 mm and an internal height of 49,4 mm. The difference between this
set-up and the actual MDS system is that the single-channel wind tunnel does not have injection
zones where plastic particles are injected. Furthermore, this set-up does not have moving top and
bottom walls. Figure 3.1 shows the experimental set-up as used in this research. With the help of

Figure 3.1: Experimental set-up of the single-channel wind tunnel as used in this research. The
white arrow indicates the flow direction of the air. The main components are indicated by numbers
and explained in the main text.

a ventilator, an airflow is created. The ventilator sucks the air from the inlet on the left side (1)
towards the outlet on the right side (10). Filter cloths are mounted on the inlet to remove dust or
other particles, and together with the contraction (1) laminarizes the flow. Between the ventilator
and the wind tunnel, a diaphragm is placed such that the pressure drop can be controlled, and
therefore the flow rate in the wind tunnel. Since this set-up uses the PIV technique, seeding
particles must be injected into the airflow. The seeding particles are generated with the Palas
AGF 2.0 aerosol generator (4). This generates liquid Di-Ethyl-Hexyl-Sebacate (DEHS) droplets
that are injected into the flow through a droplet injector (2). DEHS is a non-soluble, colourless,
odorless and non-toxic liquid and has the advantage that it does not evaporate as quickly as water
[Wienholts, 2018]. With the help of a mixer (3) the seeding particles are distributed homogeneously
such that each cell of the honeycomb will have approximately an equal number of seeding particles.
The 3D printed honeycomb (6) is placed in the wind tunnel and has its outer dimensions equal to
the inner dimensions of the wind tunnel.

The PIV technique uses a double pulsed Nd:YAG laser (7). The laser light has a wavelength of
532 nm and can be used with a frequency of 15 Hz. This frequency of 15 Hz limits the temporal
resolution of the PIV measurements. Wienholts [Wienholts, 2018] measured the strength of the
laser and found that the laser cavities produce laser pulses of 38 mJ and 32 mJ at maximum power,
while the documentation states that both cavities should produce 50 mJ pulses. Both laser pulses
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lost power due to the aging of the laser. The laser pulses are focused on an optical element (9)
which will produce a vertical light sheet parallel to the flow direction. A 5.5-megapixel sCMOS
camera from LaVision is used to record the individual PIV images. PIV needs two frames taken
immediately after each other, thus the camera must have a short interframe time. This camera has
a minimum interframe time of 120 ns which makes it ideal for PIV. All the equipment is controlled
via a timing unit that controls the timing and the camera. The LaVision software package DaVis
10.1.0 is used to set up the measurements and perform the post-processing steps. The laser, the
sCMOS camera and the optical element are mounted on a rail which can be translated in the
streamwise direction via a traverse (5). The translation of the laser-camera combination makes
it possible to measure further downstream of the honeycomb. The obtained vector fields are
processed with MATLAB, where the PivMat 4.0.1 toolbox is used to load the DaVis output.

Figure 3.2 shows schematically the front and side view of the wind tunnel. The coordinate system
is chosen such that x is the streamwise direction, y is the vertical wall-normal direction and z the
horizontal wall-normal direction.

(a) Front view

(b) Side view

Figure 3.2: Schematic overview of a honeycomb together with the chosen Cartesian coordinates
system.

3.2 Particle image velocimetry

3.2.1 Theory

Particle image velocimetry is an optical measurement technique used for flow visualization. With
PIV, instantaneous velocity fields in a two-dimensional plane (planar PIV) or even a three-
dimensional volume (stereo PIV) can be obtained. In this research the planar PIV technique
is used, so only two-dimensional velocity fields can be measured.

Figure 3.3 shows a general set-up of a planar PIV system. The flow is seeded with tiny, neutrally
buoyant particles that will scatter light when illuminated. The double pulsed laser will create two
light sheets with a small time interval ∆t in between such that tracer particles will be illuminated
twice while they move along with the flow. A sCMOS camera that is placed perpendicular to the
field of view will record the particle positions at both time instances. These individually recorded
images at time t and time t+ ∆t will be called the individual frames.

The combination of the displacement of the particles in the time interval ∆t and the size of
this time interval between the laser pulses can be used to obtain the local instantaneous velocity
vector of the flow. This processing step from particle displacement towards velocity vector is
made for small subareas of the total image plane. The small subareas are called interrogation
windows and must be chosen such that the particles within this area move homogeneously in the
same direction and with the same velocity. A cross-correlation between the interrogation window
of frame one together with frame two is calculated to obtain the local velocity vector for that
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Figure 3.3: General set-up of a planar PIV system. The double pulsed laser illuminates the
flowing tracer particles twice with a certain time delay ∆t. A camera that is placed perpendicular
to the flow records the particle positions at both time steps [LaVision, 2018].

specific interrogation window. The cross-correlation is a statistical measure of the most probable
displacement of the tracer particles. A general way of writing the cross-correlation Cfg(∆x) of
function f(x) and a function shifted over a distance ∆x g(x+ ∆x) is [Bastiaans, 1993]

f ? g = Cfg(∆x) =

∫ ∞
−∞

f(x)g(x+ ∆x)dx. (3.1)

This means that for each possible displacement ∆x a correlation is calculated. If ∆x corresponds
to the actual translation a maximum in the correlation function is found. The technique described
above can be made more specific for the PIV application. The functions f(x) and g(x+ ∆x) will
be the measured intensity functions I1(x0, y0, t0) and I1(x0, y0, t0 + ∆t). Therefore Equation 3.1
will change into

I1 ? I2 = CI1I2(∆x,∆y) =

∫ ∫
I1(x0, y0)I1(x0 + ∆x, y0 + ∆y)dxdy. (3.2)

Figure 3.4 shows schematically how the recorded image plane is divided into multiple interrogation
windows and subsequently, the cross-correlation per window is determined to obtain the velocity
vector. The highest peak corresponds to the actual displacement while the smaller peaks consist
of the background intensity and some noise [Adrian, 2011].

Figure 3.4: Schematic overview of the cross-correlation used to determine the local velocity
vector from two interrogation windows [LaVision, 2018].

Several parameters must be chosen correctly otherwise they will act as an error source. An
inhomogeneous particle distribution will lead to great variation in the correlation matrix. If the
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seeding density is too low, there is not enough spatial resolution to obtain a proper correlation.
However, if the seeding density is too high, particles will agglomerate and can even affect the
flow. An improperly chosen interrogation window size will also lead to errors. If the window
size is too small, there are not enough particles within the interrogation window to distinguish
a correlation peak. If the window is too large, relevant flow features will be averaged. The last
important parameter is the time interval ∆t between the two individual frames. if ∆t is too small,
this results in a sub pixel particle misplacement. On the other hand, if ∆t is too large, this gives
insufficient temporal resolution and therefore a poor correlation. Keane and Adrian [Keane and
Adrian, 1993] stated general rules of thumb for the above parameters. The image density NI
must be larger than 10 particles per interrogation window size DI and the in-plane motion of the
particle ∆x must be less than 1/4DI .

3.2.2 Practical operation

As stated in Section 3.1 the LaVision software DaVis 10.1.0 is used to set up, record and post-
process the PIV measurements. Figure 3.5 shows an example of an acquired intensity plot. Figure
3.5a shows the total field of view which has a width of 70 mm and a height of 60 mm. The height
of the wind tunnel is nicely visible in this figure since the upper and lower border scatters some
light and therefore gives rise to the intensity. Figure 3.5b shows a zoom-in on a specific sub-area,
where individual tracer particles can be distinguished via the high intensity.

-20 0 20 40

x (mm)

-40

-30

-20

-10

0

10

20

y
 (

m
m

)

0

1000

2000

3000

4000

5000

In
te

n
si

ty
 [

co
u

n
ts

]

(a) (b)

Figure 3.5: Intensity plot of one recorded frame. The left (a) side shows the whole field of view
with on the right side (b) a zoom-in of a particle area. The red pixels with the higher intensity
indicate a particle.

As explained in Section 3.2.1, PIV uses two frames to calculate the local velocity vector of an
interrogation window and thus the instantaneous velocity field of an area. Figure 3.6 shows the
instantaneous velocity fields measured directly behind the honeycomb and 100 mm downstream.
These images are taken in the center of the domain at z = 35 mm according to the coordinate
system of Figure 3.2a. The results shown in these graphs will be discussed in more detail in
Chapter 5. As can be seen, not the whole field of view is always used for vector calculation. If
for example, the seeding density is too low, no vector is found. The field of view directly behind
the honeycomb is somewhat smaller than further downstream since some of the laser light is
blocked by the honeycomb. Acquiring multiple image pairs enables the possibility to calculate an
average velocity field and a turbulence intensity field. In a post-processing step the DaVis software
calculates the time-averaged velocity u and the standard deviation of the velocity σu. From the
Reynolds decomposition it can be derived that u′(x, y, z, t) = u(x, y, z, t)−u(x, y, z). Substituting
this expression in the expression for the standard deviation, one can derive that the root mean
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(a) (b)

Figure 3.6: Instantaneous velocity fields measured directly behind the honeycomb (a) and 100
mm downstream (b) for a cell Reynolds number of 1890. The individual flow patterns are nicely
visible in (b).

square of the velocity fluctuations is equal to the standard deviation of the velocity, under the
condition that enough time steps N are used.

σu =

√√√√ 1

N − 1

N∑
i=1

(ui − u)2 =

√√√√ 1

N

N∑
i=1

u′2 = u′
RMS . (3.3)

This means that the output of DaVis, σu, can be used for the calculation of the turbulence intensity

TI =
σu

U∞
. (3.4)

The mean flow velocity U∞ will be determined far downstream of the honeycomb, at the position
where the uniform velocity profile is developed.

Since planar PIV can only determine two velocity components, the standard deviation of the
velocity will be calculated without the z-component of the velocity but assuming isotropic behavior
between v′ and w′

σu =

√
1

3
(u′2 + 2v′2). (3.5)

Even though the velocity is not isotropic, the fluctuations often are. This assumption does probably
not hold immediately downstream of the honeycomb but becomes increasingly better further
downstream.

Teeven [Teeven, 2019] investigated how many image pairs are needed for the right level of detail
for the average velocity and turbulence intensity fields. He found that after around 250 image
pairs the average solution stays constant and therefore the results are independent of the number
of image pairs. In this research 400 image pairs are used for taking the averages and standard
deviation. This number is based on the research of Teeven and incorporates a safety factor.

The wind tunnel has a length of 1750 mm, and one image window has a width of 60 mm. Therefore
the average and turbulence intensity fields can be combined in the streamwise direction to obtain
the flow field for a large area downstream of the honeycomb. The traverse with the laser, optical
element and camera is translated per window over 50 mm in the streamwise direction. One must
make sure that the translation happens accurately, and that the traverse is not tilted. Since the
field of view is around 60 mm, there is an overlap between two consecutive windows. Teeven
investigated four different options how the processing in this overlapping area should be handled:

Honeycomb wake turbulence and particle dynamics in a magnetic density separation system 17



1) Take the maximum value of both windows, 2) cut off the data at a certain x value, 3) take the
average value or 4) take the non-zero average value. He found that the difference between these
four methods is small compared to the fluctuations in velocity over the total area. Therefore this
research will use a variant of the cut off method, namely use the first half of the overlapping region
for the left image and the second half for the right image. Finally the data will be shifted such
that the coordinate system is in line with Figure 3.2. Figure 3.7 shows the final obtained velocity
and turbulence intensity plots for 7 consecutively positioned windows.

(a) (b)

Figure 3.7: Combined measurement windows in the streamwise direction. Each separate windows
is indicated with the dashed-line where the ’cut off at half method’ is used for the overlapping
region. (a) shows the velocity magnitude while (b) shows the turbulence intensity.

3.2.3 Pixel displacement and interrogation window size

The effect of the time interval between the two frames and the size of the interrogation window
Di are analyzed and compared with the rules of thumb as stated in Section 3.2.1. The turbulence
intensity for a flow with a cell Reynolds number of around 1200 is measured at the position where
the individual flow profiles break, and thus the level of turbulence is the highest. This corresponds
to a downstream position of 200 mm behind the honeycomb. Six different ∆t values are used that
can be linked to a mean particle image displacement ∆x. ∆t is linearly increased from 15 µs to
150 µs and this corresponds to a ∆x of 1, 2, 4, 6, 8 and 10 pixels. The interrogation window size
was varied between 12 x 12 pixels and 48 x 48 pixels. A multi-pass vector calculation was used
with a 75% overlap. Figure 3.8 shows the mean and the standard deviation of the area-averaged
turbulence intensity.
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Figure 3.8: Mean (a) and standard deviation (b) of the area-averaged turbulence intensity for a
cell Reynolds number of 1200. The data is acquired with 6 different values of ∆x and processed
with 5 different interrogation window sizes, indicated by Di in the legend.

The actual turbulence intensity is not known, but Figure 3.8a already shows quite some information
about the sensitivity of this quantity. After a pixel displacement of about six, the results remain
more or less constant per interrogation window. Increasing the interrogation window will result
in a decrease of the turbulence intensity. This is logical since with a bigger interrogation window
relevant flow features will be averaged, while a small interrogation window can amplify noise. The
decrease in TI as a function of the interrogation window becomes less after 24 pixels, indicating
that the solution becomes independent of the pixel displacement. Figure 3.8b shows the standard
deviation of the area-averaged TI. For the Di of 32 and 48 px the standard deviation of the
turbulence intensity remains constant and is independent of the pixel displacement, while for the
smaller windows the standard deviation starts to increase with a larger pixel displacement.

Another way to quantify which pixel displacement and interrogation window size are the best
choices is to check the vector post-processing step. In this post-processing step, a median filter is
applied. Figure 3.9 shows schematically how this median filter works: a median vector from a group
of neighboring vectors is computed and compared with the middle vector. If this middle vector
deviates too much from the median, it is rejected or replaced with the vector that corresponds
to another correlation peak. When the interrogation window or pixel displacement is not chosen

Figure 3.9: Schematic representation of the local median filter. This filter computes a median
vector from a group of neighboring vectors and compares the middle vector with this median
vector. If the deviation is too much, the vector is replaced or rejected [LaVision, 2018],

correctly, there will be outliers. Applying this median filter will remove outliers and can, therefore,
be used to quantify the choices for ∆x and Di. Figure 3.10 shows the percentage of outliers for
each ∆x and Di combination. It can be seen that for a Di of 12 px and 16 px the percentage of
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outliers increases with an increase in ∆x. This is logical since the pixel displacement becomes as
large as the window size, which makes it hard to find a correct vector. The three other window
sizes show a low percentage of outliers, with one unexplained peak for Di of 24 px and ∆x of 6
px. This indicates that the interrogation window sizes of 32 and 48 px is the best choice based on
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Figure 3.10: Percentage of vectors which are rejected due to the median filter.

the percentage of outliers.

Combining the above described result with the result of Figure 3.8, an interrogation window size
of 32 px together with ∆x between 6 and 8 pixels is chosen. This is also in line with the rule of
thumb that says that ∆x is about one quarter of the interrogation windows size.
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4. Numerical simulation
This chapter describes the numerical simulation method used in this research. An Euler-Lagrange
direct numerical simulation (DNS) method with a point-particle approach for solving the motion
of particles is used for simulating the flow field downstream of the honeycomb and to investigate
the effect of this background flow on the separation efficiency of the MDS. More details about the
numerical approach used in this simulation are given by Tajfirooz et al. [Tajfirooz et al., 2020].
First, more details about the computational domain and the underlying theory are explained. Then
the practical operation of the code is explained, how to set-up a case, and how to post-process the
data. The procedure of the grid independence study is discussed in Appendix A.

4.1 Theory

4.1.1 Computational domain

The computational domain and corresponding coordinate system are shown in Figure 4.1. A rect-
angular domain with dimensions Lx x Ly x Lz , where x and z denote respectively the streamwise
and spanwise directions respectively, and y is the wall-normal direction. The walls of the channel
are located at y = −L and y = +L. Periodic boundary conditions are used in the streamwise
(x) and spanwise (z) direction. The domain is discretized in a uniform way in the streamwise
and spanwise directions and in a non-uniform way in the wall-normal direction. The non-uniform
mesh is determined via yi = cos(iπ/Ny), with yi the coordinate of the grid point, Ny the total
number of points in the y-direction and i an integer running from 0 : Ny.

As stated before, the MDS system uses conveyor belts at the top and bottom of the channel which
are moving with the mean streamwise velocity U∞ to prevent the formation of boundary layers.
The governing equations are therefore solved in a frame moving in the streamwise direction with
the mean flow velocity U∞. This is the biggest difference with the experimental set-up, where
there are no moving walls. A consequence of solving the governing equations in a moving frame

Figure 4.1: Numerical domain with the corresponding coordinate system. Periodic boundary
conditions are used in the streamwise (x) and spanwise (z) direction.

is that time and place are switched in the numerical simulation. This can be understood if one
sees the computational domain of Figure 4.1 as a box moving from left to right in for example the
wind tunnel. The time in the numerical simulation therefore corresponds to a streamwise position
in the wind tunnel. This means that time t and streamwise position x can be converted via

t =
x

U∞
. (4.1)

4.1.2 Fluid

The Navier-Stokes equation and the continuity equation for incompressible flow are solved in
non-dimensional form. The mass density of the fluid, half the height of the channel, and the
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friction velocity are used as the reference quantities for mass density, length and velocity. All
other reference quantities follow from this and the Reynolds number is the only parameter that
enters the system of equations. The dimensionless governing equation are [Kim et al., 1987]

∂ui
∂t

= − ∂p

∂xi
+Hi +

1

Re
∇2ui, (4.2)

∂ui
∂xi

= 0. (4.3)

Where Hi includes the convective terms and the mean pressure gradient. For the spatial discret-
ization, a Fourier-Galerkin method is used in the two periodic directions and the Chebyshev-tau
method in the wall-normal direction. For the integration in time, a combination of an explicit
three-stage Runge-Kutta method and the implicit Crank-Nicholson method is applied.

4.1.3 Particles

The particles are added to the flow in a point-particle way. This means that for each particle the
equation of motion is solved [Kuerten, 2016]

mi
dvi(t)

dt
=
∑

Fi, (4.4)

with mi the mass of particle i, vi the velocity of particle i and
∑
Fi represents all the forces acting

on the particle. Maxey and Riley formulated an expression for the sum of the forces on a particle
[Maxey and Riley, 1983]. In their work they did not consider magnetic fluids, so the sum of forces
on a particle including the magnetic force FM equals∑

Fi = FB + F PG + FAM + FD + F hist + FM , (4.5)

where the terms on the rhs are respectively the gravitational buoyancy force, the force by the
undisturbed velocity field, the added mass force, the drag force, the Basset history force and the
magnetic buoyancy force. More information about the force terms can be found in the work of
Kuerten [Kuerten, 2016], the book of Crowe [Crowe et al., 1997], the work of Tajfirooz et al.
[Tajfirooz et al., 2020] or the master thesis of Meulenbroek [Meulenbroek, 2019].

4.1.4 Coupling

Since the particles and the fluid have their own conservation laws and not one equation for the
whole continuum, the two phases must be coupled to each other. There are three different coupling
methods [Kuerten, 2016]. The weakest coupling is a one-way coupling. This coupling only takes
into account how the fluid affects the particle, and not how the particle affects the fluid. One-way
coupling is typically valid when a small particle mass fraction is used. Two-way coupling does
take into account the effect of the particle motion on the fluid. Therefore two-way coupling is
used when the particle mass fractions are high. For two-way coupling an extra term is added to
the Navier stokes equation which can be written as [Kuerten and Vreman, 2016]

f2w = −
N∑
i=1

1

6
πρpd

3
p

dvi
dt
δ(x− xi), (4.6)

with δ(x) the Dirac Delta function, N the number of particles and dp the particle diameter. When
the particle mass fraction increases even further, collisions must be taken into account. Four-way
coupling does take this into account and consists of an algorithm that searches collisions and a
method that determines the result of a collision.
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4.1.5 Non-dimensionalization

As explained in Section 4.1.2 the simulation is completely dimensionless. The basic quantities
position x, velocity u and time are made dimensionless with the half height of the domain L and
the gravitational acceleration g:

x̃ =
x

L
, (4.7)

ũ =
u

u∗
=

u√
gL

, (4.8)

t̃ =
t

t∗
=
tũ

L
. (4.9)

With these equations the Reynolds number can be constructed which is used in Equation 4.2

Re =
u∗L

µ
=

√
gLL

µ
. (4.10)

4.2 Practical operation

This section addresses the practical operation of the numerical code. Imposing the initial solution
and post-processing of the output data is explained in more detail such that the reader can
understand the procedure which is used in this report.

4.2.1 Initial conditions

The simulation requires an initial solution at t = 0 to calculate the development of the flow
downstream of the honeycomb. This means that there is not a honeycomb present in the simulation
for t > 0, but the flow immediately downstream of the honeycomb has been imposed as the initial
condition. This initial solution consists of a reconstructed honeycomb flow where the dimensions
can easily be adapted. Due to the solving in the moving frame, time and the streamwise coordinate
are interchanged. This means that if one would like to compare the numerical results with the
experimental results, Equation 4.1 should be applied. The streamwise direction as shown in Figure
4.1 represents the experimental time and simultaneously the numerical time can be converted into
experimental streamwise position via Equation 4.1.

First, the grid used in the simulation is reconstructed. Based on the honeycomb dimensions a zero
velocity is assigned to data points corresponding to a wall and an (x,y,z)-dependent dimensionless
velocity is assigned to data points corresponding to a channel. As the governing equations are
solved in a frame moving in the x-direction with the mean streamwise flow velocity U∞, this U∞
should be subtracted from the whole velocity field to create an initial solution with an average
velocity equal to zero. As explained in Section 2.2 the flow within a channel requires a different
velocity profile for either laminar or turbulent flow. Therefore the way of creating these initial
solutions is different and will be explained separately below.

Laminar flow

Figure 4.2 shows an example of a fully developed laminar initial solution for a honeycomb with
35 cells and a cell Reynolds number of 1190 in the cubic domain non-dimensionalized with the
half height of the domain L. The velocity is shown with the dimensions meters per second and
the mean streamwise flow velocity U∞ is added to correct for the moving frame. For each of the
honeycomb cell a laminar velocity field is imposed together with a velocity fluctuation based on
u0 = u0 + u′

0. This fluctuating velocity is added since a trigger is needed for the instability to
grow, in reality this perturbation is present as noise. The mean velocity u is based on Equation
2.10. This means that v0 and w0 equal zero and u0 is dependent on y- and z-position.
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(a) (b)

Figure 4.2: Initial solution including the velocity fluctuations for a honeycomb with 35 cells
and a cell Reynolds number of 1190. (a) shows the solution in the y-z plane while (b) shows the
solution in the y-x plane.

In order to make a realistic comparison with the experiments, the values for v′0, w′0 and u′0 are
extracted from the PIV measurements and implemented in the numerical code. Figure 4.3 shows
the instantaneous u′ values as a function of y for three different moments in time and a cell
Reynolds number of 1190. The data is acquired for one cell measured directly downstream of the
honeycomb around x/Dh = 1, such that it represents the velocity that is required for the initial
condition.
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Figure 4.3: Instantaneous u′ values as a function of y for one honeycomb cell with a cell Reynolds
number of 1190. The fluctuating velocities are extracted from the PIV measurement by analyzing
the velocity immediately downstream of the honeycomb, and determining the fluctuations via
u′0 = u0 − u0. The fluctuations are shown for three different random chosen moments in time.
These instantaneous fluctuating velocities can be decomposed in different waves with an amplitude
A and a wavenumber k, such that Equation 4.11, 4.12 and 4.13 can be constructed.

In order to implement these fluctuations in the code, they have to be described by a mathematical
function. The pattern shown in Figure 4.3 is decomposed in different waves with an amplitude
A and a wavenumber k. Next a set of cosine and sine functions, with these measured amplitudes
and wavenumbers is constructed and used for creating the initial conditions. Since planar PIV
only measures the x- and y- component of the velocity, some assumptions are made, namely
homogeneity and isotropic behaviour are assumed in the y- and z-direction. As stated in Section
3.2.2, it is known that this assumption immediately downstream of the honeycomb is not so
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accurate. As shown in Section 2.2.2 the fluctuating velocity field must be divergence free, therefore

the velocity field w′0 can be found via w′0 =
∫ (
−∂u0

∂x −
∂v0
∂y

)
dz. This results in the following initial

conditions

u′0 = +Au1
sin

2ku1
πx

Lx
sin

2ku1
πy

Hch
sin

2ku1
πz

Wch
(4.11)

−Au2 sin
2ku2

πx

Lx
sin

2ku2
πy

Hch
sin

2ku2
πz

Wch
,

v′0 = −Av1
Hch

Wch
sin

2kv1πx

Lx
sin

2kv1πy

Hch
sin

2kv1πz

Wch
(4.12)

−Av2
Hch

Wch
sin

2kv2πx

Lx
sin

2kv2πy

Hch
sin

2kv2πz

Wch
,

w′0 = +Au1

Wch

Lx
cos

2ku1πx

Lx
sin

2ku1πy

Hch
cos

2ku1πz

Wch
(4.13)

−Au2

Wch

Lx
cos

2ku2
πx

Lx
sin

2ku2
πy

Hch
cos

2ku2
πz

Wch

−Av1 sin
2kv1πx

Lx
cos

2kv1πy

Hch
cos

2kv1πz

Wch

−Av2 sin
2kv2πx

Lx
cos

2kv2πy

Hch
cos

2kv2πz

Wch
,

with ki1 , and ki2 the first two most dominant wavenumbers with amplitude Ai1 and Ai2 . Lx,
Hch and Wch are respectively the length of the domain in the x-direction, the cell height and cell
width.

From the measured fluctuating velocities, the first and second most dominant wavenumbers are
extracted via a Fast Fourier Transform and saved for all the measurement steps and channels.
Figure 4.4 shows a histogram with the extracted wavenumbers and amplitudes for a cell Reynolds
number of 1190. It can be seen that there is a broad range of wavenumbers and amplitudes present
in the measured fluctuating velocity. For the amplitudes, the mean value of the complete set is
chosen while for the wavenumbers the value where the maximum is attained is taken. Figure 4.5
shows the extracted amplitudes, normalized with the average cell velocity U cell, on a log scale
as a function of the Reynolds number together with the standard deviation. The amplitudes
grow exponentially with the Reynolds number. The wavenumbers are chosen independently of
the Reynolds number and equal 1, 4, 1 and 4 for respectively ku1 , ku2 , kv1 and kv2 . To simulate
Reynolds numbers which were not measured with the PIV setup, an exponential fit is performed
on the dominant amplitudes. More information about these fits is described in Appendix A

In order to break the symmetry of the initial solution, i.e. to avoid that the solution behind each
channel of the honeycomb is the same, the amplitudes per channel are varied randomly between
0.1% and 0.2% of the measured amplitude. If the cell diameter changes at a constant Reynolds
number, the amplitudes of the perturbations will scale with the average cell velocity.

Turbulent flow

The structure of the turbulent fluctuations is much more random than for the laminar fluctuations
and it is therefore difficult to be described via sine and cosine functions. Therefore the turbulent
profiles are not based on an analytical solution, but extracted from a a direct numerical simulation
of turbulent duct flow at the same Reynolds number. A turbulent duct flow is simulated via DNS,
where more or less the same domain is used as as shown in Figure 4.1. This domain has walls in
the y- and z-direction, and has periodic boundary conditions in the streamwise x-direction. The
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Figure 4.4: Histogram of the extracted wavenumbers and amplitudes for a cell Reynolds number
of 1190.
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Figure 4.5: Extracted amplitudes from the PIV measurements as a function of the Reynolds
number. The amplitudes is normalized with the average cell velocity U cell.

grid consists of 128 points in all three directions, uniform in the streamwise direction, and with
grid refinement towards the four walls in the wall-normal directions. More information about the
velocity profiles from this DNS simulation can be found in the thesis of Clerx [Clerx, 2010].

The output of the duct simulation is scaled to have the same size as the desired honeycomb cell,
and imposed to all the cells. Figure 4.6 shows an example of the initial solution for a honeycomb
with 35 cells and a cell Reynolds number of 7400. The symmetry of the individual channel profiles
is broken by shifting the solution per cell in the streamwise direction as can be seen in Figure 4.6b.
The distance over which the solution per cell is shifted is determined via a uniformly distributed
pseudorandom generator function of MATLAB.

4.2.2 Post-processing

A couple of steps must be taken in order to visualize the average velocity field and turbulence
intensity as a function of x/Dh. Figure 4.7 shows schematically how the conversion from time
to space is done in order to find for example the average streamwise velocity and turbulence
intensity field as a function of x/Dh. Per time step a mathematical operation on velocity field
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(a) (b)

Figure 4.6: Initial solution for a honeycomb with 35 cells and a cell Reynolds number of 7400.
(a) shows the solution in the y-z plane while (b) shows the solution in the y-x plane.

u(x, y, z) must be performed over the streamwise direction, like for example taking the mean or
standard deviation (see Equation 3.3). This results in an output φ(y, z) per time step which is
only dependent on y and z. This φ(y, z) can thus either be the average velocity or the turbulence
intensity. By consecutively combining the φ(y, z) data one obtains a solution φ(t/t∗, y, z) which
is also dependent on time. By multiplying the time with t∗ and using Equation 4.1 a solution
φ(x, y, z) is found which is dependent on the streamwise coordinate x as defined in the experiment.

In this report also data averaged over the z-direction will be shown. One must be careful that
when reproducing this procedure, first the operation on the streamwise direction must be done
on u(x, y, z) to get φ(y, z), then φ(y, z) can be averaged over the z-direction to get φ(y). For
determining the average velocity the sequence does not matter, but if one calculates the z-averaged
turbulence intensity, it does. If first the z-averaging is performed, and then the standard deviation
is taken, the result is not correct.

Figure 4.8 shows the procedure of Figure 4.7, but now with the data from the numerical simulation.
On the left the instantaneous velocity fields at the center of the domain for four different values of
t are shown. Per time step the mean flow velocity is added and either the mean or the standard
deviation over the streamwise x-direction is taken in order to get the average velocity and the
turbulence intensity as a function of t. Finally Equation 4.1 is used to receive the data as a
function of x/Dh.
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Figure 4.7: Schematic visualization of how the conversion between time and space in the post-
processing step of the simulation is done. Per time step a mathematical operation on output
u(x, y, z) must be performed over the streamwise direction. By subsequently combining this
output and using Equation 4.1 an output is generated which is dependent on the streamwise
coordinate x.
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5. Honeycomb induced flow instabilities
This section describes the experimentally and numerically obtained results of the induced flow
instabilities by the honeycomb. In this report, the data is extracted at different positions in either
the x- y- or z-direction. It is also possible that data is averaged over a certain region of interest
to smoothen the data. The different regions are shown schematically in Figure 5.1. In this figure,
a honeycomb with 5x7 cells is used as an example. When using a honeycomb with a different
number of cells, these regions are adapted accordingly.

(a)

(b)

Figure 5.1: Schematic overview of a honeycomb together with the chosen Cartesian coordinate
system. The dashed colored lines indicate the different positions where data is extracted. Figure
(a) shows the data positions for the z-direction, with more information about the line stated in
Table 5.1. Figure (b) shows the data positions for the y-direction, with more information about
the line stated in Table 5.2. If a different honeycomb is used, the regions move and scale with the
honeycomb cells, such that the center is the still the center, etc.

Color Averaged (y/n) Remarks

Red line n z-center
Purple lines y Averaged over the z-center of all the cells in the z-direction
Yellow area y Averaged over the complete z-direction

Table 5.1: Data acquisition position for the z-direction, corresponding to Figure 5.1a.

Color Averaged (y/n) Remarks

Red line n y-center
Green area y Averaged over the y-height of one honeycomb cell

Blue area y Averaged over the y-height of three honeycomb cells
Yellow area y Averaged over the complete y-direction

Table 5.2: Data acquisition position for the y-direction, corresponding to Figure 5.1b.

5.1 Experimental results

In Table 5.3 the experimentally used honeycombs are listed together with their dimensions. With
the PIV set-up, the velocity field and corresponding turbulence intensity are measured in the
streamwise direction. The laser sheet is aligned in the center of the channel, in the plane z = 35
mm, as depicted in Figure 5.1. The effect of different cell Reynolds numbers is only experimentally
investigated by using HC1E.
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Name L [mm] t [mm] Nz Ny W [mm] H [mm] Dh [mm] s

HC1E 500 0.4 7 5 9.5 9.4 9.45 0.09
HC2E 80 0.2 16 11 4.1 4.2 4.15 0.12
HC3E 200 0.5 4 3 15.6 15.6 15.6 0.11
HC4E 300 3.2 7 5 6.0 6.3 6.2 0.61

Table 5.3: Experimentally used honeycomb cell dimensions, with L the length of the honeycomb,
t the wall thickness, Nz the number of cells in the z-direction, Ny the number of cells in the y-
direction, W the width of a honeycomb cell in the z-direction, H the height of a honeycomb cell
in the y-direction, Dh the hydraulic cell diameter and s the honeycomb solidity.

5.1.1 Effect of different Reynolds numbers

Figure 5.2 shows an instantaneous velocity field for a cell Reynolds number of 2670 and honeycomb
HC1E. The development of the individual channel velocity profiles towards one uniform velocity
profile is visible. This development is associated with the individual profiles becoming unstable
and starting to meander. A part of the lowest cell is not captured with the PIV set-up since the
edge of the wind tunnel is covered with black tape to prevent it from scattering light. The camera
is positioned slightly lower than the center of the cell, therefore the black tape at the bottom
prevents the camera from capturing the lowest cell, but not the upper cell. The average velocity

Figure 5.2: Instantaneous velocity field for a cell Reynolds number of 2670 and honeycomb
HC1E.

and turbulence intensity fields as a function of x/Dh for this situation are shown in Figure 5.3. It
can be seen that directly behind the walls the first growth of the turbulence intensity arises. As
stated in Section 2.3 the break-up of the individual channel profiles corresponds with an increase
in the turbulence intensity. This is also visible in this figure where a higher value of the turbulence
intensity is noticeable at the position of the flow break up. That the transition towards the uniform
velocity profile is associated with an increase in turbulence intensity is also shown in Figure 5.4,
where the velocity and turbulence intensity for a cell Reynolds number of 2670 are plotted as a
function of x/Dh in the center of the channel at y = 25 mm.

With this honeycomb, 12 different Reynolds numbers have been measured, both laminar and
turbulent. The velocity profiles of the 12 different Reynolds numbers immediately downstream
of a honeycomb cell are visualized in Figure 5.5. The data is extracted around x/Dh = 0.5 and
between y = 18 and 28 mm. The velocity magnitude is normalized with U∞ and the streamwise
position with Dh. The laminar parabolic flow profile is visible for Reynolds numbers up to 3230.
Beyond a Reynolds number of 3930 the profile has a plug-wise shape which is a good indication
that the flow is turbulent. The implication is that the transition from laminar to turbulent is in
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(a) Front view (b) Side view

Figure 5.3: Average velocity and turbulence intensity for a cell Reynolds number of 2670 and
honeycomb HC1E.
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Figure 5.4: Experimental velocity magnitude and turbulence intensity as a function of x/Dh.
The data is acquired for a cell Reynolds number of 2670 in the center of the honeycomb at y =
25 mm, see Figure 5.1.

this wind tunnel set-up at a higher Reynolds number than the normally used value of 2300. The
upper row in Figure 5.6 shows the surface plots of the velocity magnitude normalized with U∞ for
the different Reynolds numbers. For clarity, only five Reynolds numbers are shown. A comparison
of the velocity plots at different Reynolds numbers shows that the transition towards a uniform
velocity profile becomes closer towards the honeycomb cell with increasing Reynolds number. For
Re ≈ 3230 the upper and the lower cell show a more turbulent behavior while the three middle
cells show a laminar behavior. This might be due to intermittent behavior of the flow.

The bottom row of Figure 5.6 shows the surface plots of the turbulence intensity. At the position of
the break-up, a high turbulence intensity is visible indicating a high mixing effect. The position and
magnitude of this turbulence intensity peak depends on the Reynolds number. For the turbulent
Reynolds number 5700, the highest intensity arises directly behind the walls and deflects further
downstream. This behavior can be explained by the vortex street arising in the wake of the
wall. Taneda [Taneda, 1958] visualized the wake behind a flat plate positioned parallel to the
flow. He used plates that had a comparable length over thickness ratio as the honeycomb of the
present study. He showed that the wake behind the plate starts to widen with increasing Reynolds
number. Note that the turbulence intensity is a dimensionless parameter. Although the turbulent
case shows a lower turbulence intensity, its mean flow velocity is also higher and therefore the
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Figure 5.5: Velocity profile downstream of a honeycomb cell, normalized with U∞

dimension-full parameter will be worse than for the laminar cases.

From literature [Kundu et al., 2016] it is known that downstream of a cylinder the wake becomes
unstable if the Reynolds number based on the diameter of the cylinder Reδ is approximately 40.
If Reδ keeps increasing, a vortex street arises downstream the cylinder. If the five cell Reynolds
numbers of Figure 5.6 are based on the wall thickness instead of the hydraulic diameter, one would
find Reδ = 61, 80, 113, 136 and 241 for respectively Recell = 1450, 1890, 2670, 3230, 5700. In the
case of the honeycomb the vortex street seems to arise around Reδ = 136.

The turbulence intensity in the y-z center of the honeycomb for the 12 different Reynolds numbers
is shown in Figure 5.7. With increasing Reynolds number, the position of the turbulence intensity
peak moves closer towards the honeycomb, until the flow is turbulent. If the Reynolds number
increases further in the turbulent regime the peak starts to move away from the honeycomb again.
The same behavior can also be seen for the peak height. With increasing Reynolds number the
peak grows until a maximum is reached at Reynolds = 2130, and then starts to decrease.

Homogeneity and isotropy

Figure 5.8 shows the cell height averaged transverse variation of the difference between the rms
of the streamwise velocity fluctuations and that at the centre as described by Equation 2.33. As
expected the value H(u′) decreases in the downstream direction and tends to go to zero showing
that the flow becomes nearly homogeneous.

In an isotropic flow, the turbulence intensity in the three directions has equal magnitude. Figure
5.9 shows the x-component and the y-component of the turbulence intensity for a cell Reynolds
number of 2670 as a function of x/Dh. The data can be divided into two regions. The first region
is from about x/Dh = 0 until x/Dh = 10, and the second region from x/Dh = 10 and onwards.
In the first region, the x-component has a higher magnitude than the y-component, implying a
non-isotropic flow. Downstream of the turbulence intensity peak at x/Dh = 10, the TI starts to
decay and the flow shows a nearly isotropic behavior.

A different parameter which can be used to quantify the isotropy of the flow is the skewness.
Figure 5.10a shows the skewness as a function of x/Dh averaged over the height of the center
cell. The data is filtered with a Savitzky-Golay filter. One can see that S(u′) increases when the
turbulence intensity increases until x/Dh = 10. After this the skewness stays more or less constant
around S(u′) = 0, which is one of the indications that the flow is nearly isotropic. The kurtosis of
the velocity fluctuation distribution is shown in Figure 5.10a. Also here a more or less constant
value can be seen from around x/Dh = 11, where the kurtosis equals almost 3 which is a property
of a Gaussian distribution of the velocity fluctuating PDF.
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Figure 5.6: Experimental results visualized as a surface plot for five different Reynolds numbers.
On the top row, the velocity magnitude normalized with U∞ is shown while on the bottom row
the turbulence intensity is shown. The development of the individual channel velocity profiles
towards one uniform velocity profile is visible for all the Reynolds numbers. The position of this
transition depends on the Reynolds number.
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Figure 5.7: Experimental results for the turbulence intensity as a function of x/Dh for 12 different
Reynolds numbers. The data is acquired in the center of the honeycomb at y = 25 mm, see Figure
5.1.
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Figure 5.8: H(u′) averaged over the height of one cell for a cell Reynolds number of 2670 and
honeycomb HC1E. After around x/Dh = 9 the value of H(u′) equals almost zero indicating that
the flow is nearly homogeneous.
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Figure 5.9: Experimental TIx and TIy as a function of x/Dh. The data is acquired for a cell
Reynolds number of 2670 at the center of the honeycomb at y = 25mm. Two different regions
can be distinguished. In the first region until x/Dh = 10 the flow is anisotropic. Downstream of
the turbulence intensity peak the magnitudes of the two components are almost equal indicating
a nearly isotropic flow.

0 5 10 15 20 25

x/D
h

-1.5

-1

-0.5

0

0.5

S
(u

')

(a)

0 5 10 15 20 25

x/D
h

2

4

6

8

10

K
(u

')

(b)

Figure 5.10: Skewness (a) and kurtosis(b) averaged over the height of one cell for a cell Reynolds
number of 2670 and honeycomb HC1E. After around x/Dh = 10 the skewness has a value close to
zero while the kurtosis has a value around 3. These are indications that the flow is nearly isotropic
with a Gaussian distribution.
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5.2 Numerical results

In Table 5.4 the honeycombs which are used for the numerical single-channel wind tunnel simula-
tions are listed together with their dimensions. The numerical results are used to investigate the
effect of three different situations. One of these is similar as was done during the experiments,
namely varying the Reynolds number. This variation is discussed in a more detailed way since
the results can be compared with the experimentally obtained data. Furthermore the effect of a
different honeycomb as well as the effect of a different fluid and background noise is investigated.
For HC1S many different laminar and turbulent Reynolds number are simulated, ranging from
1190 to 8500. For honeycomb HC2S, HC3S and HC4S the laminar Reynolds numbers of 1890 and
3230 are simulated.

Name t [mm] Nz Ny W [mm] H [mm] Dh [mm] s

HC1S 0.4 7 5 9.5 9.4 9.45 0.09
HC2S 0.4 10 7 6.5 6.6 6.55 0.13
HC3S 0.4 4 3 16.9 15.9 16.4 0.06
HC4S 3.2 7 5 6.3 6.0 6.17 0.61

Table 5.4: Numerically used honeycomb cell dimensions, with t the wall thickness, Nz the number
of cells in the z-direction, Ny the number of cells in the y-direction, W the width of a honeycomb
cell in the z-direction, H the height of a honeycomb cell in the y-direction, Dh the hydraulic cell
diameter and s the honeycomb solidity.

5.2.1 Effect of different Reynolds numbers

The effect of the Reynolds number will be discussed for honeycomb HC1S, which has the same
dimension as HC1E. The dimensions of the numerical domain are Lx = 2

3π, Ly = 2 and Lz =
2.8219. Nine Reynolds numbers are simulated with five laminar and four turbulent values. The
initial solutions are created as explained in Section 4.2.1. The numbers of grid points in wall-
normal and spanwise directions are 384, and the streamwise direction consists of 128 grid points.
The number of grid points is based on a mesh study as explained in Appendix A. A one-way
coupling is used such that the particles do not affect the fluid. The properties of the considered
fluid and domain are stated in Table 5.5.

ρf [kg/m3] 1.2
µf [kg/ms] 1.8× 10−5

L [m] 0.0247

Table 5.5: Parameters used for the single-channel wind tunnel simulations.

Figure 5.11 shows the surface plots for five different Reynolds numbers with on the top row the
velocity magnitude normalized with U∞ and on the bottom row the turbulence intensity. The
data is extracted at the z-center of the domain, which is the same plane where the experimental
data is extracted. The results show a nice qualitative agreement with the experimental results
shown in Figure 5.5. Similar features can be observed like i.e.the peak position shifts more towards
the left when increasing the Reynolds number. Also, the turbulence intensity focuses more near
the walls when the Reynolds number becomes turbulent. Due to the moving wall on the top and
bottom, there is no increasing intensity near the walls, which is in contrast with the experiments.

The turbulence intensity in the y-z center of the honeycomb for the nine different Reynolds num-
bers is shown in Figure 5.12. The peak position and peak height are not in agreement with the
experimental results. However, the same trend for the peak position and height as a function of
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Figure 5.11: Numerical results visualized as a surface plot for five different Reynolds numbers.
On the top row, the velocity magnitude normalized with U∞ is shown while on the bottom row
the turbulence intensity is shown. The development of the individual channel velocity profiles
towards one uniform velocity profile is visible for all the Reynolds number. The position of this
transition depends on the Reynolds number.
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the Reynolds number is noticeable. The similarities can also be seen in Figure 5.13, where the
numerical and experimental peak position and peak height are plotted as a function of the Reyn-
olds number. In this research, simulating the same values for the peak height and peak position
is not needed, but simulating the same trends is important. Simulating the same peak position
and height is rather difficult since the experimental break-up of the individual velocity profiles is
dependent on the circumstances. But if the code can simulate the same trends, it can be used to
investigate the effect of the cell Reynolds number on the particle separation efficiency. Compared
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Figure 5.12: Numerical results for the turbulence intensity as a function of x/Dh for nine different
Reynolds numbers. The data is acquired in the y-z center of the honeycomb, see Figure 5.1.
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Figure 5.13: Experimental and numerical turbulence intensity peak position (a) and peak height
(b). Although the peak position and height are not exactly equal, similar trends can be seen.

to the experimental line plot of Figure 5.7, the numerical turbulence intensity line plots do not
show such a smooth decay. Since this figure is extracted at the y-z center of the honeycomb, it is
prone to local velocity fluctuations and therefore its decay is not that smooth. A smooth decay
is favourable since then the turbulence power law can be fitted (see Chapter 7). To smoothen the
curve, the data can be averaged over the z-direction. Figure 5.14a shows the turbulence intensity
as a function of x/Dh for a Reynolds number of 2670 processed in three different ways. Each of
the data is acquired at the y-center of the honeycomb, but not all at the same z-position. In the

Honeycomb wake turbulence and particle dynamics in a magnetic density separation system 39



first case, the data is acquired at the z-center of the cell. In the second case the data is averaged
over the seven cell-centers, and in the third case it is averaged over the complete z-domain. It
can be seen that averaging over the z-direction does smoothen the curve and does not affect the
decay rate or peak position for the laminar case. However, it does affect the peak height. For the
turbulent case the peak position is shifted towards the left and the intensity is higher, since data
behind a wall is included. These effects do not matter for the evaluation of the data if the same
averaging procedure is used for each case. Figure 5.15 shows the nine turbulence intensity curves
at the y-center of the honeycomb and averaged over the z-direction.

0 20 40 60

x/D
h

0

0.05

0.1

0.15

0.2

0.25

0.3

T
I 

[-
]

Z-center

7 Z-center-cells

Z-averaged

(a)

0 20 40 60

x/D
h

0

0.02

0.04

0.06

0.08

0.1

0.12

T
I 

[-
]

Z-center

7 Z-center-cells

Z-averaged

(b)

Figure 5.14: Numerical results for the turbulence intensity as a function of x/Dh for a Reynolds
number of 2670 (a) and 5800 (b). Blue: the data is acquired at the y-center of the honeycomb
and three different z-positions. Red: the data is acquired at the z-center of the cell, averaged over
the seven cell-centers. Yellow: the data is averaged over the complete z-domain, see Figure 5.1.
It can be seen that averaging over the z-direction does smoother the curve and does not affect the
peak position for the laminar case. For the turbulent case the peak position is shifted towards the
left and the intensity is higher, since data behind a wall is included.

Homogeneity and isotropy

The data of a cell Reynolds number of 2670 is further investigated on homogeneity and isotropy
and compared with the experimentally obtained data. Figure 5.16 shows the cell height averaged
transverse variation of the difference between the rms of the streamwise velocity fluctuations and
that at the centre as described by Equation 2.33. Similar as was seen for the experimental results,
H(u′) decreases in the downstream direction until it almost reaches zero. This indicates that the
flow becomes nearly homogeneous downstream of the turbulence intensity peak.

In Figure 5.17 the skewness and kurtosis of the velocity fluctuation PDF are shown. Although the
values differ from the experimental result, there are some similarities visible. After around x/Dh =
15 the skewness stays more or less constant around a value of 0.05. This is an indication that
the flow is nearly isotropic in the region downstream of the turbulence intensity peak. While the
experimental skewness showed a negative peak around the turbulence intensity peak, the numerical
skewness shows a positive peak around the turbulence intensity peak. However, the kurtosis shows
a more or less similar behavior as in the experiments. Around the turbulence intensity peak a
peak in the kurtosis is visible. After this peak the kurtosis settles around K(u′′) = 2.5 which is
an indication that the flow has an almost Gaussian distribution.
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Figure 5.15: Numerical results for the turbulence intensity as a function of x/Dh for nine different
Reynolds numbers. The data is averaged over the complete z-direction and plotted at the y center
of the honeycomb, see Figure 5.1.

5.2.2 Effect of different honeycombs

As stated in Section 2.3, Dellaert et al [Dellaert et al., 2020] used laser Doppler velocimetry to
measure the turbulence intensity downstream of various honeycombs. Dellaert et al. kept the
ratio between wall thickness and hydraulic cell diameter more or less constant. He showed that
if the wall thickness of the honeycomb is more or less constant, the peak position is located at
a constant value of x/Dh. In his research honeycomb 4 has a thicker wall, and does also show
a turbulence intensity peak which is about three times higher than honeycomb 1, 2, and 3. The
trend as shown in his research and Figure 2.8 is used as a reference for the numerical simulation.
The numerical honeycomb dimensions as used in this work are stated in Table 5.4.

The dimensions of the numerical domain are Lx = 2
3π, Ly = 2 and Lz = 2.82. The initial solutions

are created in the way explained in Section 4.2.1, where the amplitude of the perturbation scales
with the average cell velocity. The number of grid points in the streamwise direction equals 128,
while for the streamwise and spanwise directions the number of points are 384, 512, 384, and
512 for respectively HC1S, HC2S, HC3S, and HC4S. The number of grid points is based on the
mesh study for HC1S and HC4S, as explained in Appendix A. Since the hydraulic cell diameter
of HC3S is larger than HC1S, 384 grid points are enough to capture the complete channel flow.
The hydraulic cell diameter of HC2S is more or less the same as HC4S, therefore the results of
the HC4S mesh study can be used. One-way coupling is used such that the particles do not affect
the fluid. The properties of the considered fluid and domain are stated in Table 5.5.

In HC1S, HC2S and HC3S the wall thickness is the same while the hydraulic diameter is increased
and decreased, respectively. For HC4S the wall thickness is chosen such that it represents HC4E.
Figure 5.18 shows the numerically obtained turbulence intensity as a function of x/Dh for the four
different honeycombs and a cell Reynolds number of 1890 and 3230. The simulation for the cell
Reynolds number of 1890 is stopped after the turbulence intensity peak is reached, just to see the
peak position and height.

The results of Re = 3230 show the same trend as found by Dellaert et al. and as shown in Figure
2.8. If the wall thickness is constant, the peak position is at a constant value of x/Dh, and the
turbulence intensity is more or less constant. The positions of the peaks of the turbulence intensity
of HC1S, HC2S and HC3S are almost the same. Increasing the wall thickness results in a higher
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Figure 5.16: H(u′) averaged over the height of one cell for a cell Reynolds number of 2670 and
honeycomb HC1S. After around x/Dh = 15 the value of H(u′) equals almost zero meaning the
flow becomes nearly homogeneous.
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Figure 5.17: Skewness (a) and kurtosis(b) averaged over the height of one cell for a cell Reynolds
number of 2670 and honeycomb HC1S. After around 15 x/Dh the skewness has a value close to
zero while the kurtosis has a value of around 2.5. This are indications that the flow is nearly
isotropic with an almost Gaussian distribution.

turbulence intensity and a peak which is closer to the honeycomb, which is also found by Dellaert
et al. The results of Re = 1890 for HC1S, HC2S and HC3S are less in agreement with Dellaert et
al since the peak positions are not equal. The most important observation is that the peak height
of the three honeycombs are similar, since this will be the most dominant factor for the particle
separation efficiency.

In contrast with Dellaert et al., the numerically simulated HC1S, HC2S and HC3S used a constant
wall thickness while Dellaert et al. tried to use a constant ratio between the hydraulic diameter
and the wall thickness. To see if this difference in honeycomb dimensions results in the deviating
peak position, new simulations with a Reynolds number of 1890 are performed where the ratio
Dh/t is kept constant at around 23. The new dimensions are stated in Table 5.6. Figure 5.19a
shows the turbulence intensity corresponding to the new dimensions. One can see that indeed the
three peak positions shifted slightly more towards each other, but still not enough to reach the
same peak position in x/Dh. Finally it is also investigated what happens if the amplitude is not
scaled with the average cell velocity, but kept constant for the four honeycombs. Figure 5.19b
shows the turbulence intensity where the amplitudes Au,1, Au,2, Av,1 and Av,2 are kept constant

42 Honeycomb wake turbulence and particle dynamics in a magnetic density separation system



0 5 10 15 20 25 30

x/D
h

0

0.1

0.2

0.3

0.4

0.5

0.6

T
I

HC1

HC2

HC3

HC4

(a)

0 5 10 15 20

x/D
h

0

0.1

0.2

0.3

0.4

0.5

0.6

T
I 

[-
]

HC1S

HC3S

HC2S

HC4S

(b)

Figure 5.18: Numerical results for the turbulence intensity as a function of x/Dh for four different
honeycombs and a cell Reynolds number of 1890 (a) and 3230 (b). The data is averaged over z
and plotted at the y center of the honeycomb.

Name t [mm] Nz Ny W [mm] H [mm] Dh [mm] s

HC2S* 0.29 10 7 6.5 6.6 6.55 0.09
HC3S* 0.7 4 3 16.9 15.9 16.4 0.10

Table 5.6: Numerically used honeycomb cell dimensions with a constant Dh/t ratio of around
23, with t the wall thickness, Nz the number of cells in the z-direction, Ny the number of cells in
the y-direction, W the width of a honeycomb cell in the z-direction, H the height of a honeycomb
cell in the y-direction, Dh the hydraulic cell diameter and s the honeycomb solidity.

for the four honeycombs at respectively 0.09, 0.02, 0.016 and 0.012 m/s. Now the peak positions
are closer to each other. It can be concluded that the peak position is strongly dependent on
the used amplitude. Since there are no PIV-experiments performed with HC2E and HC3E in
the single-channel wind tunnel, it is hard to determine what these amplitudes do for the different
honeycombs.

In conclusion, simulating different honeycombs can be done quite accurately. Same trends as
observed by Dellaert et al. can be simulated, namely that HC4S shows a turbulence intensity
peak which is significantly higher and closer to the honeycomb than HC1S, HC2S and HC3S. The
turbulence intensity peak heights of HC1S, HC2S and HC3S are quite similar, which is important
for performing the many-particle simulations. That the peak positions are not similar is less
fortunate, but this will be taken into account when performing the many-particle simulations.

5.2.3 Effect of a different fluid

In Chapter 8 air will be replaced with the paramagnetic liquid manganese(II) chloride. In this
section the results of the single-channel wind tunnel simulation will be compared when using either
air or manganese(II) chloride. This manganese(II) chloride has a mass density ρf of 1.4 × 103

kg ·m−3 and a dynamic viscosity µf of 5.54 × 10−3 kg ·m−1 · s−1. Since the Reynolds number
stays constant, the dimensionless turbulence intensity peak height and position should not change.
Figure 5.20 shows the turbulence intensity for the two fluids as a function of x/Dh for HC1S, and
a cell Reynolds number of 1890. The data is averaged over z and plotted at the y center of
the honeycomb. It is the case that changing the fluid does indeed not change the dimensionless
parameters. The small difference between the lines can come from the fact that the symmetry
of the honeycomb is broken by randomly varying the perturbation amplitudes. From the above-
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Figure 5.19: Numerical results for the turbulence intensity as a function of x/Dh for four different
honeycombs and a cell Reynolds number of 1890. The data is averaged over z and plotted at the
y center of the honeycomb. In (a) the dimension of the honeycomb are changed such that HC1S,
HC2S and HC3S have a Dh/t ratio of around 23, as stated in Table 5.6 (b) The amplitudes Au,1,
Au,2, Av,1 and Av,2 are kept constant for the four honeycombs at respectively 0.09, 0.02, 0.016
and 0.012 m/s.

shown results, it can be concluded that the simulation can be used to simulate different fluids.
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Figure 5.20: Numerical results for the turbulence intensity as a function of x/Dh for HC1S, a
cell Reynolds number of 1890, and with either air or manganese(II) chloride as a fluid. The data
is averaged over z and plotted at the y center of the honeycomb, see Figure 5.1.

5.2.4 Effect of the background noise

The amplitude of the perturbations can be changed to investigate the effect of background noise
on the honeycomb wake. Mikhailova [Mikhailova et al., 1994] already did such an experiment in a
wind tunnel. Mikhailova varied the free-stream turbulence level in the wind tunnel and observed
that with a lower free-stream turbulence level the turbulence intensity peak is further downstream
than using a higher free-steam turbulence level.

Figure 5.21 shows the turbulence intensity as a function of x/Dh for HC1S, a cell Reynolds number
of 1450 and three different perturbation amplitudes. The original amplitude as measured with
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PIV is decreased and increased by a factor 2. The data is averaged over z and plotted at the y
center of the honeycomb. The magnitude of the perturbations does affect both the peak position
and the peak height. A higher amplitude results in a flow where the individual channel break-up
does occur closer to the honeycomb and is accompanied by a higher turbulence intensity. A lower
amplitude results in a lower turbulence intensity peak which is further downstream. This means
that the position and height of the turbulence intensity peak are dependent on the flow conditions,
which was also found by Mikhailova.
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Figure 5.21: Numerical results for the turbulence intensity as a function of x/Dh for HC1S, a cell
Reynolds number of 1450, and three different perturbation amplitudes. The data is averaged over
z and plotted at the y center of the honeycomb, see Figure 5.1. The magnitude of the perturbation
does affect both the peak position and the peak height.
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6. Turbulence kinetic energy budget
This section describes the investigation of the turbulence kinetic energy (TKE) budget of the
flow downstream of the honeycomb. The TKE budget gives a better insight into the way the
turbulence behind a honeycomb is produced or dissipated. First, an introduction is given of the
TKE budget where the individual terms are explained. After that, the results of the numerical and
experimental investigation are shown and discussed. The numerical results will be shown before
the experimental results since a more in-depth investigation can be done with the numerical results.

6.1 Introduction

The turbulent fluctuations in the honeycomb wake gain and lose energy. This energy is called the
turbulence kinetic energy k, and is defined as

k =
1

2
u′2i . (6.1)

The turbulent intensity is just a scaled version of the turbulent kinetic energy, and can be expressed
in terms of k via

TI =

√
2
3k

U∞
. (6.2)

The process of how the TKE gains and loses its energy can be described with the TKE budget.
This TKE budget describes the contributions of physical processes to the TKE and can be written
as [Nieuwstadt et al., 2016]

Dk

Dt
≡ ∂k

∂t
+ uj

∂k

∂xj
= Pk + Tk + Πk +Dk − ε, (6.3)

with

Pk = −u′iu′j
∂ui
∂xj

, (6.4)

Tk + Πk +Dk =
∂

∂xj

(
−u′jk′ −

1

ρ0
p′u′j + ν

∂k

∂xj

)
, (6.5)

ε = ν

(
∂u′i
∂xj

)2

, (6.6)

where i and j are indices for the three directions x, y, and z, and summation over repeated indices
is assumed. The left-hand side of Equation 6.3 represents the material derivative of the TKE that
consists of respectively a rate of change due to non-stationarity and an advection term. The terms
on the right side are respectively the production Pk, turbulence diffusion Tk, pressure diffusion
Πk, the viscous diffusion Dk, and the dissipation ε.
The advection term (uj

∂k
∂xj

) represents the convection of the turbulence by the mean flow. The

three transport or diffusion terms (Tk, Πk and Dk) are responsible for the redistribution of the
TKE in space due to velocity fluctuations, pressure fluctuations, or viscosity. For large Reynolds
numbers, the viscous diffusion is negligible compared to the turbulent and pressure diffusion terms,
therefore this term is often not shown. The production term (Pk) works as a source for the
TKE. The term represents the interaction of the gradient of the mean flow ∂ui

∂xj
and the Reynolds

stress −u′iu′j . This gradient of the mean flow can be a shear term (i.e. ∂u1

∂x2
), or a dilatational

term (i.e. ∂u1

∂x1
). Since in most of the cases the shear term has a higher contribution than the

dilatational term, the production is called shear production. The last term is the dissipation
term (ε) and acts as a loss term for the TKE. The TKE is transferred down the energy cascade
and is dissipated to heat by the viscous stresses.
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The individual terms can be made dimensionless such that they are comparable for different Reyn-
olds numbers. By introducing a characteristic time T , a characteristic length L and a characteristic
velocity U = L

T , the unit of the terms can be determined. Note that the parameter ν scales with
L2

T , and 1
ρ0
p scales with L

2

T 2 . Therefore the TKE budget terms scales with

Dk

Dt
∝ L

2

T 3
∝ U

3

L
. (6.7)

By choosing U = U∞ and L = Dh, the terms can be made dimensionless by multiplying them

with Dh/U
3

∞.

6.2 Numerical results

Since the simulation is three-dimensional all three velocity components as well as the pressure
are known in the whole computational domain. Therefore, each term of the TKE budget can be
calculated. The derivatives are calculated via spectral differences and ensemble averages are taken
over the streamwise direction, similar as shown in Figure 4.7. Reynolds conditions are applied for
calculating the Reynolds stress, the velocity derivative and the dissipation term

u′iu
′
j = uiuj − ui uj , (6.8)

∂ui
∂xj

=
∂ui
∂xj

, (6.9)

(
∂u′i
∂xj

)2

=

(
∂ui
∂xj

)2

−

(
∂ui
∂xj

)2

. (6.10)

The terms of the TKE budget show some significant differences between a laminar and a turbulent
case. For brevity, only the results of one characteristic laminar case at Re = 1890 and one
characteristic turbulent case at Re = 5800 are shown. The difference per Reynolds number for
either laminar or turbulent flow is just the magnitude of the term or the x/Dh position where it
has a relevant contribution.

Figure 6.1 shows the TKE budget in the z-center of the channel for a laminar case with Reynolds
equal to 1890. The three diffusion terms show random behavior with positive and negative values
with the viscous diffusion an order smaller than the other two. The diffusion terms are neither a
sink nor a source term, but they are mainly concerned with the local redistribution of the TKE.
The production term arises at the shear layers of the individual channels and develops towards the
center of the channel. The dissipation term shows a more uniform pattern over the total height
and is located further downstream than the production term. The advection will carry the kinetic
energy further downstream of the honeycomb until it starts to dissipate. This term scales with
− ∂k
∂xj

and is therefore negative when the production is dominant and positive when the dissipation

is dominant.

Since the energy which is produced, should also be dissipated, it is expected that the dissipation
and production term do have equal order of magnitude. The data visualized in Figure 6.1 is just
at the center of the z-plane and does therefore not contain all the contributions in the complete
domain. By averaging TKE terms over the complete z-direction, a better visualization is given
of the complete contribution of the terms. Figure 6.2 shows these z-averaged values. Since the
diffusion terms do not produce or dissipate energy, taking the average over these terms will result
in zero contribution, therefore these terms are not shown.

Averaging the production, advection, and dissipation term over the y-height of one cell results in
a TKE budget which is only dependent on the downstream position. Figure 6.4a shows the TKE
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Figure 6.1: Turbulence kinetic energy budget in the z center of the channel for a laminar case
with Reynolds number 1890.

Figure 6.2: Turbulence kinetic energy budget averaged over the z-domain for a laminar case
with Reynolds number 1890.
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budget as a function of x/Dh. The production term starts to increase as the individual channel
profiles slowly start to merge into a uniform flow. At a certain point, the production reaches a
maximum and then quickly drops to zero. The advection will carry the kinetic energy further
downstream of the honeycomb until it starts to dissipate. While the production term decreases,
the dissipation increases until it reaches its maximum value. Then the dissipation slowly decreases
towards zero until the flow is at rest. We verified that the integrals of the production term and
the dissipation term are equal. In other words, the amount of energy which is produced is also
dissipated.

Figure 6.3 shows the TKE budget averaged over the z-domain for a turbulent case with Reynolds
equal to 5800. For this turbulent flow, most of the phenomena happen close to the honeycomb,
as was already seen in Chapter 5. The production terms arise directly behind the wall of the
honeycomb and deflect further downstream. In the turbulent case, the maximum production is
not located in the middle of the cell as for the laminar production. This can be explained since
for a laminar flow there is no concrete vortex shedding, and if there is vortex shedding it arises
further downstream of the honeycomb. For the turbulent flow there is vortex shedding immediately
downstream of the honeycomb wall which results in turbulent energy production. The effect of
this is now also visible in the turbulent dissipation term, the dissipation is no longer uniform
over the total height but shows a maximum behind the honeycomb walls. Also, this term deflects
until the divergent parts behind the wall collide and form one uniform dissipation pattern. Since
the production and dissipation act in the same region, the advection term does not show a clear
pattern as in the laminar case.

The cell averaged data is shown as a function of x/Dh in Figure 6.4. The flow exiting the
honeycomb is already highly turbulent and therefore energy is already dissipated at that position.
The production rate is immediately high near the honeycomb and decreases further downstream.
This increase in production does also result in more energy which must be dissipated, which causes
the dissipation to increase. The advection term has a different shape for the turbulent cases. In
the laminar case, the turbulent energy was transported further downstream due to the advection,
which is not so obvious for the turbulent flow. This indicates that most of the turbulent energy
directly dissipates after it is produced.

Figure 6.5 shows the production decomposed into the contributions from each velocity gradient
term. For both the laminar and the turbulent case −u′v′ ∂u∂y and −u′w′ ∂u∂z have by far the largest
contribution. This means that the production of the TKE is dominated by the shear layers
corresponding to the walls in the y- and z-direction.

This decomposition can also be done for the dissipation terms. The decomposition is shown in

Figure 6.6 where the terms ν

(
∂u′

∂xj

2
)

, ν

(
∂v′

∂xj

2
)

and ν

(
∂w′

∂xj

2
)

are shown. Note that now the

minus sign is ignored. The biggest contribution to the dissipation term is in both the laminar and

turbulent case from the ν

(
∂u′

∂xj

2
)

term. It can also been seen that while the production rate is

mostly dominated by one term, namely −u′v′ ∂u∂y , the dissipation term has significant contributions
from all three velocity components. This shows that the dissipation terms are more isotropic than
the mean flow, but the turbulence of this flow is not homogeneous isotropic, since the magnitudes
of the dissipation terms are not equal. After around x/Dh = 18 for the laminar case and x/Dh = 6
for the turbulent case, the dissipation terms do seem to be more homogeneous and isotropic.
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Figure 6.3: Turbulence kinetic energy budget averaged over the z-domain for a turbulent case
with Reynolds number 5800.
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Figure 6.4: Turbulence kinetic energy budget for cell Reynolds number 1890 (a) and 5800 (b).
The data is averaged over the z-domain and over the y-height of one cell. Remark that α represents
either Pk, Adv or −ε.
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Figure 6.5: Decomposed turbulence production for cell Reynolds numbers 1890 (a) and 5800 (b).
The data is averaged over the z-domain and over the y-height of one cell. In both the laminar and
turbulent case the turbulence production is dominated by the shear production terms −u′v′ ∂u∂y
and −u′v′ ∂u∂z .
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Figure 6.6: Decomposed turbulence dissipation for cell Reynolds 1890 (a) and 5800 (b). The data
is averaged over the z-domain and over the y-height of one cell. If the turbulence is homogeneous
isotropic, the decomposed dissipation terms should have an equal magnitude. It can be seen that
this is not the case, and the turbulence is therefore not homogeneous isotropic. However, After
around x/Dh = 18 for the laminar case and x/Dh = 6 for the turbulent case, the dissipation terms
do seem to be homogeneous and isotropic.
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6.3 Experimental results

Since PIV can only measure the u- and v-component of the velocity vector, the complete budget
can not be determined. First, the fluctuating velocity components are determined via u′ = u−u.
The pressure diffusion can not be calculated, but as was shown in Section 6.2, this term only
redistributes the turbulent energy and can therefore be neglected when averaged over a certain
direction. A homogeneous isotropic relation between y and z direction is assumed, such that

v′ = w′, (6.11)

∂u′i
∂y

=
∂u′i
∂z

, (6.12)

∂2u′i
∂y2

=
∂2u′i
∂z2

. (6.13)

Simons [Simons, 2020] analyzed the turbulence kinetic energy budget determined from PIV meas-
urements. He applied a Savitzky-Golay filter on the velocity fields to prevent the amplification
of noise due to the gradients in some terms of the TKE budget. For the Savitzky-Golay filter,
a window size and a degree of the fitted polynomial must be set. Simons found that a window
size of 125, a 3rd degree polynomial for the advection and turbulent diffusion, and a 4th-degree
polynomial for the viscous diffusion are appropriate to determine the TKE budget.

Analyzing the dissipation term using PIV data is still a challenging task. The spatial resolution
of PIV has an impact on the velocity gradients and therefore on the dissipation rate [Antonia
et al., 1993]. The velocity gradients are affected since PIV measures an average velocity within a
certain interrogation window. Saarenrinne [Saarenrinne and Piirto, 2000] states that the spatial
resolution of PIV is a critical parameter, and its ratio compared to the Kolmogorov scale depends
on the type of flow. Blackmann [Blackman et al., 2017] determined the dissipation rate based on
large eddy simulations (LES) formalism. LES can be compared with PIV since the stated velocity
represents a spatially filtered velocity. Simons found that calculating the TKE budget with a
Savitsky-Golay filter results in an inaccurate estimation of ε. Therefore, the dissipation term will
be determined by rewriting the TKE budget into

ε = Adv − Pk − Tk −Dk, (6.14)

where the diffusion by pressure is neglected since it only redistributes energy.

That the PIV setup is not accurate enough to measure the dissipation term can also be explained
by the Kolmogorov scales. Kolmogorov defined three different scales which indicate the smallest
eddies present in the flow. These three scales are time, length and velocity and are defined
respectively as [Nieuwstadt et al., 2016]

τk =

(
ν

ε

)1/2

, (6.15)

ηk =

(
ν3

ε

)1/4

, (6.16)

vk = (νε)
1/4

. (6.17)

As shown before the dissipation rate ε has an equal magnitude as the production term Pk and the
latter can therefore be used to estimate the Kolmogorov scales. Figure 6.7 shows the maximum
production rate as a function of the cell Reynolds number for HC1E. These maximum production
rates are used to calculate the Kolmogorov time and length scales, which are stated in Table 6.1.
One can see that both the time and length decrease as a function of the Reynolds number. Since
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the PIV setup can only measure at a frequency of 15 Hz, it is not possible to measure the smallest
times scales that are present in the wind tunnel. The size of an interrogation window is 32 pixels,
which is equal to around 1 mm. Therefore it is also not possible to measure the smallest length
scales. Since it is not possible to measure the smallest scales, it is also not possible to determine
the dissipation term directly from the PIV data.

2000 4000 6000 8000

Cell Reynolds number

10
0

10
1

10
2

10
3

P
k
 [

m
2
/s

3
]

Figure 6.7: Maximum production rate as a function of the cell Reynolds number for HC1E.

Reynolds τk [s] ηk [m]

1190 3.9× 10−3 2.4× 10−4

1450 1.7× 10−3 1.6× 10−4

1540 1.2× 10−3 1.4× 10−4

1890 0.7× 10−3 1.0× 10−4

2130 0.4× 10−3 0.8× 10−4

2670 0.3× 10−3 0.7× 10−4

3150 0.3× 10−3 0.7× 10−4

3230 0.3× 10−3 0.7× 10−4

3930 0.2× 10−3 0.6× 10−4

5800 0.2× 10−3 0.5× 10−4

7400 0.2× 10−3 0.5× 10−4

Table 6.1: The Kolmogorov time and length scales for different Reynolds numbers measured
with HC1E. The time and length scales are smaller than the PIV resolution, and therefore it is
not possible to determine the dissipation term directly from the PIV data.

Figure 6.8 shows the TKE budget based on the PIV data for a cell Reynolds number of 1890. Due
to the Savitsky-Golay filter half of the window size at the edges of the domain is lost. In Chapter
5 it was already shown that the numerical and experimental results show the same trends, but
they did not show the same turbulence intensity peak position and height. This holds also for the
TKE budget, the position and magnitude of the terms differ. The TKE budget shows the same
behavior as was seen in the numerical results of Figure 6.1. The production term arises at the
shear layers between the channels and the wall position. The diffusion terms show positive and
negative values indicating they redistribute the energy. The advection term shows a clear negative
zone followed by a clear positive zone. Since the dissipation term is determined via Equation 6.14,
it automatically follows that the energy which is produced is also dissipated.

Figure 6.10a shows the TKE budget as a function of x/Dh, where the data is averaged over the
y-height of the cell. Again the same trend can be seen as shown in the numerical results of Figure
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Figure 6.8: Experimentally obtained turbulence kinetic energy budget for a laminar case with
Reynolds number 1890. The data is extracted at the z-center of the channel.

6.4a. First, the kinetic energy is produced and is carried further downstream due to the advection
until it is dissipated. If the diffusion terms are averaged over a certain region, they again vanish.

Figure 6.8 shows the TKE budget based on the PIV data with a cell Reynolds number of 5800.
Unfortunately, due to the Savitsky-Golay filters, important data at the edge is lost. However,
still, the turbulent behavior can be seen in this TKE budget. The production term arises directly
behind the walls of the honeycomb and deflects further downstream.

The characteristics of the turbulent flow are better visible in Figure 6.10b, where the TKE terms
are averaged over the cell height and plotted as a function of x/Dh. Even though data is missing,
it can still be seen that the flow exiting the honeycomb is already turbulent. In the numerical
results of Figure 6.4b an extra peak in the production and dissipation was observed, unfortunately,
this peak is not visible in the experimental results. However, also in the experimental results, it
can be seen that the advection term has a small contribution to the TKE budget, and that energy
which is produced is also dissipated.

Figure 6.11 shows the production decomposed into the contribution of each velocity gradient term
for a cell Reynolds number of 1890. The term −u′v′ ∂u∂y has by far the largest contribution to the
production. This is the result of the shear layers between the individual channel flows downstream
of the honeycomb. Since the 2D-data is extracted in the z-center of the channel, the term −u′w′ ∂u∂z
is equal to zero because of symmetry.

In conclusion, there are important similarities between the numerically and experimentally ob-
tained TKE budgets. For the laminar cases, it is observed that the turbulent energy first is
produced, and dissipated somewhat further downstream. The way of producing the turbulent en-
ergy is for the numerical results as well for the experimental results dominated by shear. For the
turbulent case, the similarities are also there. The flow exiting the honeycomb is already turbulent
and therefore the production and dissipation terms are already high at the trailing edge of the
honeycomb.
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Figure 6.9: Experimentally obtained turbulence kinetic energy budget for a turbulent case with
Reynolds number 5800. The data is extracted at the z-center of the channel.

0 10 20 30 40

x/D
h

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

 D
H

/u
in

f

3

P
k

Adv

-

T
k

D
k

(a)

0 10 20 30

x/D
h

-3

-2

-1

0

1

2

3

 D
H

/u
in

f

3

10
-3

P
k

Adv

-

T
k

D
k

(b)

Figure 6.10: Experimentally obtained turbulence kinetic energy budget for cell Reynolds number
1890 (a) and 5800 (b). The data is extracted in the z-center of the channel and averaged over the
height of the middle cell. Remark that α represents either Pk, Adv or −ε.
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Figure 6.11: Decomposed turbulence production for cell Reynolds numbers 1890. The turbulence
production is dominated by the shear production term −u′v′ ∂u∂y . Since the 2D-data is extracted

in the z-center of the channel, the term −u′w′ ∂u∂z is equal to zero.
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7. Turbulence power law decay
This section describes the turbulence power law decay. The power law is a relation for the tur-
bulence decay that can be fitted through the measured TI and used to predict the turbulence
level further downstream of the honeycomb. First, an introduction about the decay law is given
together with a literature review. Then a parameter analysis is performed where the conclusion
was made that some parameters must be fixed. A procedure is developed for fitting the power
law on the PIV and numerical data in a consistent way. Finally, the actual fits performed on the
experimental and numerical data will be shown and discussed.

7.1 Introduction

The flow field downstream of the honeycomb can be divided into three regions [Mohamed and La-
Rue, 1990]. The first region is where the individual channels develop towards a uniform velocity
profile and where the flow is inhomogeneous and anisotropic. In this region also the turbulent
energy is produced as was shown in Chapter 6. The second region is where the flow is nearly
homogeneous and isotropic. In this region, the turbulence downstream of the honeycomb decays
with a typical power law. The third region is the final period of decay where inertia forces are
negligible [Batchelor et al., 1948]. The existence of the first two regions in the case of a honeycomb
was already shown in Chapter 5.

The power law which applies to nearly homogeneous and isotropic regions is widely investigated
and applied in the field of grid turbulence. An extended form of this decay-law as proposed by
Batchelor and Townsend [Batchelor et al., 1948] and Mohamed and LaRue [Mohamed and LaRue,
1990] is used

TI2 =

(
σu

U∞

)2

= A

(
x

Dh
− x0
Dh

)p
+N 2, (7.1)

with A the decay coefficient, x0 the virtual origin, p the decay exponent, and N the noise. Note
that Mohamed and LaRue used the same definition, but reported the variance instead of the
standard deviation squared. A problem with the decay-law is the wide range of variations of
these parameters. Mohamed and LaRue stated that the fit parameters must stay constant while
varying the fit range as a function of the downstream position. This procedure is widely used by
for example Lavoie [Lavoie et al., 2007] and Kurian and Fransson [Kurian and Fransson, 2009].

Isaza et al. [Isaza et al., 2014] performed measurements with a grid and reported two different
decay coefficients, one for the near-field decay and one for the far-field decay. They stated that
the turbulence decay region close to the generating grid departs from the classical turbulence
decay. In the near-field region, the turbulence decays faster than in the far-field. Batchelor and
Townsend [Batchelor et al., 1948] reported about two regions called the initial period of decay
and the final period of decay. Although Isaza et al. and Mohamed and LaRue did not make the
connection between the near/far-field and initial/final period of decay, it is expected that they
are the same. Figure 7.1 shows the downstream evolution of the turbulence intensity measured
by Isaza et al. at a Reynolds number of 42 × 103 depicted by the circles and 76 × 103 depicted
by the triangles. The dashed arrow indicates the turbulence intensity peak location, while the
two solid arrows indicate the start and end of the near-field region. One can see that the decay
in the near-field region is more rapid than in the far-field region. The near-field starts where the
flow becomes almost isotropic and Gaussian. The end of the near-field region is not well defined.
He found that in the near-field region the decay exponent equals p = −1.90 and in the fear field
equals p = −1.34. One has to measure or simulate quite far downstream to fully capture the
far-field decay. Unfortunately not all the data presented in this research is measured far enough
downstream to capture the far-field decay, and therefore the focus is more on the near-field decay.

Different values of the decay exponent are reported in literature, where they vary between p = −1.1
and p = −1.4 (see i.e. Table 2 in Mohamed and LaRue). However, Mohamed and LaRue suggested
that almost all the data is consistent with p = −1.3. These values are mainly measured in the
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Figure 7.1: Downstream evolution of the turbulence intensity measured by Isaza et al. at a
Reynolds number for 42× 103 depicted by the circles and 76× 103 depicted by the triangles. The
dashed arrow indicates the turbulence intensity peak location, while the two solid arrows indicate
the start and end of the near-field region. One can see that the decay in the near-field region is
more rapidly than in the far-field region [Isaza et al., 2014].

far-field, while in the near-field values of around p = −1.9 and p = −2.4 are found by respectively
Isaza et al. and Valente et al. [Valente and Vassilicos, 2011].

In addition to this p = −1.3, Mohamed and LaRue also suggest that x0

Dh
equals zero for square-

mesh grids. This value for the virtual origin is often used in grid turbulence by for example Kurian
and Fransson [Kurian and Fransson, 2009] and Isaza et al [Isaza et al., 2014]. Lavoie [Lavoie et al.,
2007] also found values larger than zero for the virtual origin while Djenidi et al. [Djenidi et al.,
2015] also found negative values.

Lumley and McMahon [Lumley and McMahon, 1967] investigated the turbulence decay behind
a honeycomb but they did not use the power-law as stated in Equation 7.1. However, they
argued that the decay for a honeycomb is dependent on the drag coefficient CD of the honeycomb.
Loehrke [Loehrke and Nagib, 1976] could not reproduce this statement for his data (see Figure 16
in Loehrke), but also did not fit Equation 7.1.

In this report, the fit range is determined based on the method of Mohamed and LaRue. Fur-
thermore, a study is performed to find the best and most consistent fit parameters. For the
experimental and numerical results, it is shown that there is indeed a near- and far-field decay.
For performing the fit, the least-squares method of MATLAB will be used.

7.2 Parameter analysis

In this section, a parameter analysis is performed to show the sensitivity of the parameters A, x0
and p. These parameters change rapidly when changing the region of the fit. For the parameter
analysis, experimental data of three Reynolds numbers (1890, 3150, and 4500) measured with
HC1E in the near-field region will be used. This is the data as shown in Figure 5.7. The data is
acquired until around x/Dh = 40 together with a small region around x/Dh = 40 (not visible in
the figure). This last region is mainly measured to get a better estimation of the noise parameter.
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Figure 7.2: Determination of the parameters by varying the starting position of the curve fit.
For this fit the parameters are not bounded.

For the parameter analysis the criterion as stated by Mohamed and LaRue [Mohamed and LaRue,
1990] will be used, implying that A, x0, and p should not depend on the region used for the power
law decay fit. Therefore multiple fits are performed while varying the start position of the fit.
For each fit the parameters A, x0, p and N are saved and plotted as function of xc/Dh, with
xc = x− xpeak. If the parameters do not change anymore as a function of xc/Dh, the criterion as
stated by Mohamed and LaRue is fulfilled.

Figure 7.2 shows the results of the fit as a function of xc/Dh, where for the fit none of the
parameters are fixed. In this plot, the absolute value of p is plotted. The values do not show a
region where they are independent of xc/Dh, but instead, they vary a lot. For Reynolds number
1890 the decay coefficient A varies between 0.1 and 17.6, p between -3 and -1.6, x0/Dh between
8 and 16 and N between 0 and 0.01. This range of variation is too high and implies that the
criterion of Mohamed and LaRue is not satisfied. Only the parameter N seems to be independent
of the fit range, except for the dip at Re = 1890. The noise level indicates the bottom level of the
fit, and therefore it is expected that this parameter does not fluctuate that much. For Reynolds
number 1890 the noise determination is somewhat more difficult than for the other two Reynolds
numbers since the peak location is close to the cut-off location at x/Dh = 40. Therefore, there
are fewer data points left to capture the whole decay (see Figure 5.7).

Remarkable is that the fluctuating fit parameters do not result in a bad fit. One can qualify the
fit by checking for example the norm of the residuals. The residual at a certain point xn can be
written as

Res(xn) = y(xn)− ŷ(xn), (7.2)

where y represents the data value and ŷ the fit value. Then the L2 norm of residuals is defined as

||Res||2 =
1

N

N∑
n=1

(
Res(xn)

)2
, (7.3)

where n runs from 1 to the total number of points N used for the fit. Figure 7.3 shows the
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norm of the residuals corresponding to the fit parameters as shown in Figure 7.2. After around
xc/Dh = 2 the norm remains almost constant, while the fitted p heavily fluctuates. Why all these
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Figure 7.3: Norm of residuals as a function of xc/Dh, corresponding to the fit parameters of
Figure 7.2.

fit combinations show a low norm of residual is shown in Figure 7.4. Here the red dots represent
the experimental PIV turbulence intensity as a function of x/Dh for a Reynolds number equal to
1890. Three fits are plotted with xc/Dh equal to 2.2, 3.5 and 4.7. The fit parameters of the three
fits are stated in Table 7.1.

xc/Dh p A x0/Dh N
2.2 -1.76 0.17 16.22 0
3.5 -2.02 0.38 14.79 0.005
4.7 -2.44 1.74 12.42 0.008

Table 7.1: Fit parameters for different xc/Dh values and a Reynolds number of 1890.

The fits show a good agreement with the experimental data in the region of the fit, while the fit
parameters deviate significantly. Since the line plot shows some small fluctuations as a function of
x/Dh, varying xc/Dh can give a better norm of the residual for one parameter combination than
for another one. The reason why for example the decay exponent p varies with xc/Dh is shown
in Figure 7.5. Again, the three fits with xc/Dh equal to 2.2, 3.5 and 4.7, are plotted as a function
of (x− x0) /Dh. The small correction which is achieved with the different x0/Dh values results
in a steeper slope in the log-log plot. This means that there are multiple combinations of the fit
parameters possible which still result in a good fit.

The correlation between the parameters together with the norm of residuals is visualized in Figure
7.6. The decay exponent p is fixed to multiple values and for each fixed value a fit is performed. The
corresponding parameters are fixed as a function of the absolute value of p. There are some strong
relations visible between the decay coefficient A and the virtual origin x0/Dh. An increasing p
results in a growing A, while x0/Dh decreases. During variation of these parameters the magnitude
of the norm of the residuals remains low and almost constant. Only for Reynolds 1890 the norm
starts to increase, but remains low. Taking into account these results and the results of Figure
7.5, one can conclude that the use of four fit parameters results in too many degrees of freedom,
as there are too many possibilities which give a good fit.

One parameter which can certainly be fixed is the noise N . In Figure 7.2 it could already be seen
that the noise is more or less independent of the fit region. However, only fixing the noise is not
enough. This can already be estimated from Figure 7.2. If one follows the red line for Reynolds
number 3150, the noise stays almost constant between 1 and 4 xc/Dh while the decay exponent
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Figure 7.4: Experimental PIV data for Reynolds equals 1890 with three different fits. The fits
are performed with different xc/Dh values and the parameters are not bounded.
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Figure 7.5: Experimental PIV data for Reynolds number equal to 1890 with three different fits
and plotted with the x0/Dh correction. The PIV data with their corresponding x0/Dh correction
are plotted as dots while the fits are plotted as a line. The fits are performed with different xc/Dh

values and their parameters are not bounded.

and coefficient heavily fluctuate. This indicates that a second parameter must be fixed. In the
study of Mohamed and LaRue [Mohamed and LaRue, 1990], they found that the virtual origin is
equal to zero and fixed this value for all their fits. Kurian and Fransson [Kurian and Fransson,
2009] also found a virtual origin that lies close to their grid, and therefore equals zero. The virtual
origin is the virtual position where the turbulence intensity is infinite. In their cases, the grid acts
as a point source for the turbulence intensity. In the case of the honeycombs, and especially at
laminar cell Reynolds numbers, this is not the case. Setting the virtual origin equal to zero gives
a bad fit with a norm of residual of 0.0526.
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Figure 7.6: Fit parameters as a function of a fixed decay exponent p. The fit is performed for
the region with xc/Dh equal to 2.6.

7.3 Fit methods

In this study, two methods for performing the power-law fit are proposed. The first method makes
use of the production term of the turbulent kinetic energy. As stated before in grid turbulence
the grid acts as a point source for the turbulence, meaning that at this position the production
of the turbulence intensity is the highest. For the honeycomb, this position can be linked to the
production term of the turbulent kinetic energy, as described by Equation 6.4. Averaging the
production term over the height of the middle cell and plotting it as a function of x/Dh gives a
maximum production rate at a position just upstream of the peak in TI. The maximum production
rate position will be used to fix the virtual origin of that specific Reynolds number, together with
a fixed noise this results in only 2 unknown parameters. So first the noise is determined by varying
xc/Dh. As shown in Figure 7.2 the noise stays almost constant over this range. Then the noise and
the virtual origin are fixed and the decay exponent p and decay coefficient A will be determined via
the criterion of Mohamed and LaRue. If the fit parameters also remain constant downstream of
the turbulence intensity peak, the near-field region starts where the flow becomes almost isotropic
and Gaussian.

The second method can be applied if the virtual origin cannot be determined if one only performs
point measurements. In the upcoming sections, it will be shown that the present data is consistent
with p ≈ −2.1. Therefore the second method sets the decay exponent equal to −2.1 and then
performs the fit using A and x0/Dh as fit parameters. This method is applied by Dellaert et
al.[Dellaert et al., 2020].

The data used for the fit can contain small bumps for example due to local fluctuations or a
transition between windows. This means that increasing xc/Dh can still give a small deviation in
the parameters, therefore the parameters will be reported by their mean and a standard deviation.
The above-described procedure is shown separately for the numerical and experimental data in
the sections below.
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7.4 Experimental results

For the experimental results shown in this section, the data of HC1E is used. First, the different
near-field and far-field regions will be shown. Later on, the effect of different Reynolds numbers
on the fit parameters is investigated.

7.4.1 Near-field and far-field decay

Experimentally investigating the difference between the near-field and the far-field decay as ad-
dressed by Isaza et al. is difficult, since measurements were only performed until around x/Dh =
40. However, for a cell Reynolds number of 3150, the start of the far-field region is visible. Figure
7.7 shows the turbulence intensity downstream of the honeycomb for this Reynolds number in a
log-log plot. In Figure 7.7b the turbulence intensity squared as a function (x− x0)/Dh is plotted
with the near-field and far-field region fitted. The virtual origin x0/Dh is based on the maximum
production rate and equals 3.67, as will be shown in the next section. As can be seen, due to
the lack of data points the far-field is relatively small, and therefore difficult to fit. However, it
can still be seen that the near-field region decays faster than the far-field. The near-field decays
with p ≈ −2.25 and the far-field with p ≈ −1.16. It must be said that due to the small region
of the far-field, the fit parameters are prone to the fit-region. These values for the near-field and
far-field decay are close to the ones as found by Isaza et al, which reported respectively p = −1.9
and p = −1.3. The fit parameters corresponding to the near-field and far-field regions are stated
in Table 7.5. For the remaining of this chapter, only the near-field region will be fitted.
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Figure 7.7: Downstream evolution of the turbulence intensity measured at a Reynolds number
of 3150. (a) Shows the turbulence intensity squared as a function x/Dh. (b) Shows the turbulence
intensity squared (blue line) as a function (x−x0)/Dh with the near-field (black dashed line) and
far-field region (black solid line) fitted. In (b) it can clearly be seen that the near-field region
decays faster than the far-field. The near-field decays with p ≈ −2.25 and the far-field with
p ≈ −1.16, these values are close to the ones as found by Isaza et al. [Isaza et al., 2014]. The
virtual origin x0/Dh is based on the maximum production rate and equals 3.67.

Region p A x0/Dh N
near-field -2.25 0.44 3.67 0.016

far-field -1.16 0.015 3.67 0.016

Table 7.2: Fit parameters for the near-field and far-field regions for HC1E and a Reynolds number
of 3150. The virtual origin x0/Dh is based on the maximum production rate position.
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7.4.2 Effect of different Reynolds numbers

First method 1 is applied to the experimental data of HC1E. As explained above the virtual
origin per Reynolds number must be determined by the peak position of the production rate.
The production rate is averaged over the height of one cell and plotted as a function of x/Dh.
Figure 7.8a shows these production rates where a Gaussian fit is used to smoothen the data. The
production rate for the turbulent cases has its maximum value at x/Dh = 0. For the fit the
noise is fixed together with x0/Dh as shown in Figure 7.8b, the corresponding fit parameters are
stated in Table 7.3. The small σp value shows that the fit meets the criterion of Mohamed and
LaRue, namely that the fit parameters must be independent of the fit region. A value of the decay
exponent around −2.1 is found. The decay exponent for a Reynolds number of 7400 is different
from the other ones since this flow is already highly turbulent, its virtual origin may be negative.

For now, the virtual origins of the turbulent cases are fixed to zero, however, if the trend in Figure
7.8b beyond a Reynolds number of 3930 is extrapolated, negative values for the turbulent virtual
origin are found. Negative values can not be found from the procedure that uses the production
rate, but since the flow is already turbulent in the channels nothing prevents the virtual origin
from being negative. The second method is now applied since there is sufficient evidence that
p ≈ −2.1. This value is fixed together with the noise to find the virtual origin corresponding to
this decay exponent. The resulting parameters are stated in Table 7.4. The virtual origins based
on the maximum production rate and on p = −2.1 do not differ much, indicating that basing the
virtual origin on the production rate is a consistent method. The virtual origin for a cell Reynolds
number of 7400 becomes negative as suggested before. No real trend for the decay coefficient can
be observed. However, it is often suggested that the decay coefficient is a function of the initial
condition, like for example the type of honeycomb [Mohamed and LaRue, 1990]. Here an average
value of around A = 0.36 is found.
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Figure 7.8: (a) Cell averaged production rate as a function of x/Dh for HC1E. The position
where the production rate reaches a maximum is used to fix the virtual origin. (b) Virtual origins
based on the production rate as a function of the cell Reynolds numbers.

For the company Umincorp it is of interest how the turbulence intensity behaves far downstream.
Now Equation 7.1 can be used to determine the turbulence intensity far downstream of the honey-
comb. Figure 7.9 shows the turbulence intensity estimated for five Reynolds numbers via Equation
7.1 with the fit parameters of Table 7.3. One must take into account that the fit parameters are
only valid for the near-field and that in the far-field the turbulence decays with a different ex-
ponent. Since experimentally the far-field is not measured, the expected start of the far-field is
indicated with the dashed line.
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Re p σp x0/Dh σx0/Dh A σA N σN

1450 -2,12 0,03 21,51 0,00 0,44 0,03 0,008 0,00
1890 -2,00 0,01 14,98 0,00 0,35 0,01 0,009 0,00
2130 -2.04 0,05 10,35 0,00 0,40 0,01 0,011 0,00
2670 -2,20 0,02 6,27 0,00 0,35 0,02 0,015 0,00
3150 -2,29 0,03 3,67 0,00 0,49 0,04 0,016 0,00
3230 -2,10 0,06 3,67 0,00 0,36 0,05 0,016 0,00
3930 -2,18 0,02 0,00 0,00 0,36 0,02 0,011 0,00
4500 -2,13 0,02 0,00 0,00 0,26 0,02 0,007 0,00
5700 -2,12 0,01 0,00 0,00 0,28 0,01 0,006 0,00
7400 -1,74 0,04 0,00 0,00 0,10 0,01 0,011 0,00

Table 7.3: Fit parameters per Reynolds number for HC1E with a fixed noise N and the virtual
origin x0/Dh based on the maximum production rate position, corresponding to method 1.

Re p σp x0/Dh σx0/Dh A σA N σN

1450 -2,10 0,00 21,64 0,15 0,41 0,01 0,008 0,00
1890 -2,10 0,00 14,42 0,06 0,49 0,00 0,009 0,00
2130 -2,10 0,00 9,60 0,20 0,41 0,02 0,011 0,00
2670 -2,10 0,00 6,72 0,15 0,25 0,01 0,015 0,00
3150 -2,10 0,00 4,76 0,25 0,25 0,01 0,016 0,00
3230 -2,10 0,00 3,62 0,29 0,36 0,02 0,016 0,00
3930 -2,10 0,00 0,57 0,15 0,27 0,00 0,011 0,00
4500 -2,10 0,00 0,19 0,19 0,23 0,00 0,007 0,00
5700 -2,10 0,00 0,10 0,13 0,26 0,00 0,006 0,00
7400 -2,10 0,00 -3,38 0,28 0,41 0,01 0,011 0,00

Table 7.4: Fit parameters per Reynolds number for HC1E, with a fixed noise N and decay
exponent p fixed to −2.1, corresponding to method 2.

Honeycomb wake turbulence and particle dynamics in a magnetic density separation system 65



Figure 7.9: Turbulence intensity estimated for five Reynolds numbers via Equation 7.1 with the
fit parameters of Table 7.3. One must take into account that the fit parameters are only valid
for the near-field and that in the far-field the turbulence decays with a different exponent. The
expected start of the far-field is indicated with the dashed line. The data indicated with the circles
represent the measured data.

7.5 Numerical results

Earlier in Section 5.2 it was already shown for the experimental data that it should not matter if
the decay fit is performed for the data in the center of the cell, behind a wall, or averaged over the
height of one cell. In Chapter 5 it was shown for the numerical results that the decay exponent
does not change when averaged over the z-domain. Therefore the data shown in this section will
be averaged over the z-domain to get a smooth decay.

First, the near-field and far-field decay will be investigated for one Reynolds number. In Section
5.2 several parameters were varied numerically to study the effect on the turbulence intensity peak
height and position. The same data will be used to investigate the effect of these parameters on
the turbulence decay.

7.5.1 Near-field and far-field decay

For investigating the difference between the near-field and the far-field decay as addressed by Isaza
et al., the numerical results with a cell Reynolds number of 3230 will be used. Numerically the
data is simulated far more downstream than is measured with the experiments. Therefore fitting
the far-field decay can be done more accurately. Figure 7.10 shows the z-averaged turbulence
intensity downstream of the honeycomb for this Reynolds number in a log-log plot. After around
x/Dh = 20 the decay changes from a near-field towards a far-field decay. In Figure 7.10b the
turbulence intensity squared as a function (x − x0)/Dh with the near-field and far-field region
fitted. The virtual origin x0/Dh is based on the maximum production rate and equals 7.9, as will
be shown in the next section. It can clearly be seen that the near-field region decays faster than
the far-field. The near-field decays with p = −1.89 and the far-field with p = −1.37. These values
for the near-field and far-field decay were also found by Isaza et al. [Isaza et al., 2014], which
reported respectively p = −1.9 and p = −1.3. The fit parameters corresponding to the near-field
and far-field regions are stated in Table 7.5. For the remainder of this chapter, only the near-field
region will be fitted.
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Figure 7.10: Downstream evolution of the turbulence intensity measured at a Reynolds number
of 3230. (a) Shows the turbulence intensity squared as a function x/Dh. (b) Shows the turbulence
intensity squared (blue line) as a function (x−x0)/Dh with the near-field (black dashed line) and
far-field region (black solid line) fitted. In (b) it can be clearly seen that the near-field region
decays faster than the far-field. The near-field decays with p = −1.89 and the far-field with
p = −1.37, these values are similar as found by Isaza et al. [Isaza et al., 2014]. The virtual origin
x0/Dh is based on the maximum production rate and equals 7.9.

Region p A x0/Dh N
near-field -1.89 0.2487 7.98 0

far-field -1.37 0.0737 7.98 0

Table 7.5: Fit parameters for the near-field and far-field regions for HC1S and a Reynolds number
of 3230. The virtual origin x0/Dh is based on the maximum production rate position.

7.5.2 Effect of different Reynolds numbers

Figure 7.11a shows the numerically obtained production rates for all the simulated Reynolds
numbers of honeycomb HC1S. The maximum production rate position shows more or less the
same behavior as for the experimental results. Since the numerical turbulence intensity does not
show the same peak position as seen in the experiments, it is not expected that the maximum
production rate position will. The numerical simulation will not have noise, and is therefore set
to zero.

The fit parameters for the near-field region with a fixed virtual origin fixed to maximum production
rate values are shown in Table 7.6. For the laminar values, a p around −1.9 is found. For the
turbulent cases, the decay exponent shows a different behavior than the experimental results of
HC1E: for HC1E the exponent increases with increasing Reynolds number, while for HC1S the
exponent decreases with increasing Reynolds number. Now method 2 is applied where the decay
exponent is fixed to p = −1.9 and the virtual origin follows from the fit; these fit parameters
are stated in Table 7.7. By doing this a constant decay coefficient around A = 0.25 is found.
This emphasizes the previous statement that the decay coefficient is dependent on the initial
conditions. Again for the turbulent values a different trend is now shown for the virtual origin.
Where experimentally the virtual origin becomes negative, numerically it starts to increase. It is
hard to clarify why this is happening.

Figure 7.12 shows the numerical and experimental turbulence intensity for a cell Reynolds number
of 3230. The experimental data is extrapolated via Equation 7.1 with the fit parameters of Table
7.3. As followed from the fits, the numerical results decay in the near-field region less rapidly
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Re p σp x0/Dh σx0/Dh A σA

1190 -1,87 0,02 17,01 0,00 0,21 0,01
1450 -1,88 0,03 14,63 0,00 0,21 0,01
1890 -1,82 0,01 13,14 0,00 0,24 0,00
2670 -1,75 0,03 11,81 0,00 0,18 0,01
3230 -1,89 0,02 7,98 0,00 0,25 0,01
4500 -2,00 0,01 1,03 0,00 0,39 0,02
5800 -2,12 0,00 0,40 0,00 0,60 0,00
6500 -2,38 0,00 0,45 0,00 1,29 0,01
8500 -2,36 0,01 0,29 0,00 1,58 0,04

Table 7.6: Fit parameters per Reynolds number for HSC1, with a fixed virtual origin x0/Dh

based on the maximum production rate position.

Re p σp x0/Dh σx0/Dh A σA

1190 -1,90 0,00 16,76 0,13 0,23 0,00
1450 -1,90 0,00 14,46 0,14 0,22 0,01
1890 -1,90 0,00 12,62 0,02 0,33 0,00
2670 -1,90 0,00 11,11 0,06 0,29 0,00
3230 -1,90 0,00 7,97 0,06 0,25 0,00
4500 -1,90 0,00 2,26 0,11 0,25 0,00
5800 -1,90 0,00 2,49 0,17 0,25 0,00
6500 -1,90 0,00 4,61 0,23 0,19 0,00
8500 -1,90 0,00 4,97 0,07 0,24 0,00

Table 7.7: Fit parameters per Reynolds number for HSC1, with a fixed decay exponent fixed to
−1.9.
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Figure 7.11: (a) Cell averaged production rate as a function of x/Dh for HC1S. The position
where the production rate reaches a maximum is used to fix the virtual origin. (b) Virtual origins
based on the production rate as a function of the cell Reynolds numbers.

than the experimental results. The dashed line indicates the start of the far-field for the numerical
results. It can be seen that the numerical results start to deviate from the experimental fits, which
did not take into account the far-field decay.
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Figure 7.12: Numerical and experimental turbulence intensity for a cell Reynolds number of
3230. The experimental data is extrapolated via Equation 7.1 with the fit parameters of Table
7.3. The dashed line indicates the start of the far-field for the numerical results.

7.5.3 Effect of different honeycombs

To see the effect of different honeycombs on the fit parameters, the power law fit will be performed
on the turbulence intensity measured downstream HC1S, HC2S, HC3S and HC4S and a cell
Reynolds number of 3230, as shown in Figure 5.18b. The fit parameters for the near-field region
obtained with a fixed virtual origin x0/Dh are shown in Table 7.8. Since the turbulence intensity
peak positions of the honeycombs do not exactly match, the virtual origins do also differ per
honeycomb. The decay exponents p of this Reynolds number is more or less independent of the
honeycomb. However, the decay coefficient differ A per Reynolds number. The honeycomb which
creates a higher turbulence intensity peak gives a higher decay coefficient, while a lower TI results
in lower values for A.
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HC p σp x0/Dh σx0/Dh A σA

HC1S -1,89 0,02 7,98 0,00 0,24 0,00
HC2S -1,85 0,01 7,45 0,00 0,13 0,00
HC3S -1,77 0,01 7,13 0,00 0,24 0,01
HC4S -1,76 0,02 3,64 0,00 0,60 0,02

Table 7.8: Fit parameters for four different honeycombs and a cell Reynolds number of 3230.
The virtual origin x0/Dh is based on the maximum production rate position.

7.5.4 Effect of background noise

The effect of the background noise on the fit parameters for the near-field region is shown in Table
7.9. Similar as in Section 5.2.4, HC1S is used with a cell Reynolds number of 1450 with three
different perturbation amplitudes. One can see that the decay exponents vary as a function of the
perturbation amplitude but are still close to −1.85. The sensitivity to the perturbation amplitude
can also influence the results of Table 7.6, since there the data is dependent on both the Reynolds
number and the perturbation amplitude. Also the decay coefficient A differ per amplitude, a
higher amplitude results in a higher decay coefficient and vice versa.

Case p σp x0/Dh σx0/Dh A σA

Original amplitude -1,88 0,03 14,63 0,00 0,21 0,01
2x Original amplitude -1,84 0,00 11,14 0,00 0,25 0,00

0.5x Original amplitude -1,82 0,01 18,68 0,00 0,18 0,00

Table 7.9: Fit parameters for HC1S, where a cell Reynolds number of 1450 is used with three
different perturbation amplitudes. The virtual origin x0/Dh is based on the maximum production
rate position.
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8. Many-particle systems
In the previous sections, the flow downstream of a honeycomb is analyzed experimentally and
numerically. It was shown that the numerical simulation can simulate the same trends as observed
experimentally. The turbulence intensity peak position and height change in a similar way while
varying the Reynolds number or honeycomb dimensions. In this section, the work of Tajfirooz et
al. [Tajfirooz et al., 2020] is combined with the work of this report. The effect of a honeycomb
induced background flow applied to a many-particle system is investigated by varying different
parameters. First, an introduction about the many-particle simulation is given, and then the
results are shown and discussed.

8.1 Introduction

For the many-particle simulations, an Euler-Lagrange approach is used for simulating the separa-
tion of spherical particles in a channel flow of a paramagnetic liquid. The fluid in the many-particle
simulation is a manganese(II)chloride solution, which is a paramagnetic liquid. The real MDS sys-
tem uses a ferrofluid instead of a paramagnetic liquid. An advantage of the paramagnetic liquid
is that it is transparent, and therefore Tajfirooz et al. could perform optical measurements with
this liquid.

A four-way coupled point-particle method is used where a collision between two particles is mod-
elled by a hard-sphere collision model. This means that the particles affect the fluid, the fluid the
particles and that particles can influence other particles. The computational domain is the same
as shown in Section 4.1.1, with in this case the dimensions Lx = 2

3π, Ly = 2 and Lz = 2.1164.
A two-magnet configuration is considered with magnets at the top and bottom of the channel, as
shown in Figure 8.1a. This means that the computational domain will be a representation of the
MDS system as shown schematically in Figure 1.1. One can interpret the computational domain
as a box moving through the MDS system with a length Lmds. The two-magnet configuration
enables the separation of both lighter and heavier particles than the paramagnetic liquid. In this
two-magnet configuration the effective mass density of the liquid of Equation 2.4 changes into
[Tajfirooz et al., 2020]

ρeff = ρf −
2πµ0χH

2
0

ρg
e

2πL
p sinh

(
2πy

p

)
, (8.1)

with χ the magnetic susceptibility of the liquid, H0 the magnetic field strength and p the pole size.
The parameters as used in the many-particle simulations are stated in Table 8.1. This results in
the effective mass density profile as shown in Figure 8.1b

ρf [kg/m3] 1.4× 103

µf [kg/ms] 5.54× 10−3

χf [−] 7× 10−4

L [m] 0.075
p [m] 0.2

H0 [kA/m] 637

Table 8.1: Parameters used for the many-particle system simulations. The same parameters are
considered as in Tajfirooz et al. [Tajfirooz et al., 2020].

On the top and bottom of the domain injections zones are added where the particles are randomly
distributed. The injection zones are visible in Figure 8.2 where they are located at the bottom
(−1 < y/L < −0.75) and top (0.75 < y/L < 1) of the channel. A Couette type of flow is added in
the injection zones in order to connect the stationary honeycomb walls with the moving conveyor
belts at the top and bottom of the channel. Ten different particle mass densities are distributed in
the range of ρp/ρf ∈ [0.7, 1.3]. Initially particles which are heavier than the paramagnetic liquid
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Figure 8.1: (a) A schematic of the computational domain [Tajfirooz et al., 2020]. (b) Magnetic
field strength profile and the effective mass density of the paramagnetic liquid corresponding to
the two-magnet configuration.
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Figure 8.2: (a) An example of the initial solution for a laminar case with a Couette profile at
the injection zones. (b) Cross-section of the initial solution acquired at z/L = 1.05.

are added to the lower injection zone while lighter particles are added to the upper zone. However,
these particles will have an impurity defined as [Tajfirooz et al., 2020]

Imp =
Np,h
Np,top

=
Np,l

Np,bottom
, (8.2)

with Np,h and Np,l respectively the number of heavier and lighter particles and Np,top and Np,bottom
the number of particles injected at the top and bottom injection zone.

For the many-particle simulations honeycombs are used which are similar to the honeycombs as
used in the single-channel wind tunnel simulations (Table 5.4). Since the channel height is different
in the many-particle case, the size of the honeycomb cells is also different. The dimensions of the
honeycombs as used in the many-particle simulations are stated in Table 8.2. The hydraulic
diameters of these honeycomb cells are quite large, if one would like to simulate smaller cells,
a really fine mesh is needed. The number of points will then increase significantly, which will
result in large simulation times. The numbers of mesh points are based on the result of the grid-
independence study as shown in Appendix A. Due to the added injection zones, the number of
points is not kept equal, but the number of points to cell ratio is kept constant. The used number
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Name t [mm] Nz Ny W [mm] H [mm] Dh [mm] s

HC1MDS 0.91 7 5 21.6 21.4 21.5 0.09
HC2MDS 0.91 10 7 14.8 15.0 14.9 0.13
HC3MDS 0.91 4 3 38.5 36.3 37.4 0.06
HC4MDS 7.2 4 3 14.3 13.7 14.0 0.61

Table 8.2: Numerically used honeycomb cell dimensions for the many-particle simulations, with
t the wall thickness, Nz the number of cells in the z-direction, Ny the number of cells in the
y-direction, W the width of a honeycomb cell in the z-direction, H the height of a honeycomb cell
in the y-direction, Dh the hydraulic cell diameter and s the honeycomb solidity.

of points for the four different honeycombs are stated in Table 8.3

Name Nx Ny Nz

HC1MDS 128 512 512
HC2MDS 128 576 576
HC3MDS 128 512 512
HC4MDS 128 576 576

Table 8.3: Numbers of points per direction for the four different honeycombs as stated in Table
8.2

The performance of the many-particle system is quantified in two ways. The first quantity was
already proposed by Tajfirooz et al. and is called the separation error. This quantity tells some-
thing about how much the actual vertical position of the particle deviates from its theoretical
equilibrium height. The separation error is defined as the root mean square of the distances of the
particle from their theoretical equilibrium position, normalized by the half-height of the channel
L [Tajfirooz et al., 2020]

em(t) =
1

L

√√√√ 1

Np

Np∑
i=1

(
yp,i(t)− ye,i

)2
, (8.3)

with Np the total number of particles, yp,i(t) the position of particle i at time t and ye,i the
theoretical equilibrium position of particle i. For the company Umincorp it is important to separate
a certain amount of plastic per hour in order to be efficient. Therefore an extra quantity is added
in order to quantify the particle flux of the MDS system. The particle flux is defined as the amount
of mass of particles processed per unit of time within a certain area

Jp =

∑Np
i=1

(
ρiVpar

)
U∞

LxLyLzL3
, (8.4)

with Vpar the volume of the particle. Note that Lx, Ly and Lz, the lengths of the computational
domain, are dimensionless quantities.

8.2 Results

In the results shown below a couple of parameters are kept constant for the different cases, unless
stated otherwise. Spherical particles with a diameter of 4 mm are used which are initially distrib-
uted with an impurity of 0.1. The volume fraction is kept constant at Φ = 0.02, which corresponds
to 2232 particles.
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Figure 8.3: Cross-section of the velocity field at the center of the domain, and a side view of the
particles for six different time steps. A cell Reynolds number of 1890 and HC1MDS is used and
the history force is not included.

8.2.1 History force

The history force accounts for the viscous wake effect and becomes important when a particle
accelerates at a different rate than the fluid. A temporal delay in the development of the boundary
layer arises when this is the case. Including the history force presents a numerical difficulty since
particle accelerations relative to the fluid acceleration must be stored over the entire history of
the particle. Tajfirooz et al. showed that neglecting the history force in a many-particle system
without a honeycomb induced background flow results in an underestimation of the separation
error. Below the effect of the history force in a many-particle system with a background flow will
be investigated. A laminar cell Reynolds number of 1890 and a turbulent Reynolds number of
5800 are simulated with and without the history force included.

Figure 8.3 shows a cross-section of the velocity field defined in the moving frame at the center
of the domain, and a side view of the particles for six different time steps and a cell Reynolds
number of 1890 without the history force included. The smaller vertical color bars correspond
to the streamwise fluid velocity, while the leftmost color bar corresponds to the particle mass
density ratio ρp/ρf . Note that the limits of the velocity color bars differ per time step. The same
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observation as Tajfirooz et al. can be made in the case with a background flow. Particles with an
equilibrium position at the center of the channel show a higher level of particle dispersion than
the particles at the top and bottom of the channel. Particles with their equilibrium positions in
the central region of the channel have more interaction with other particles, which results in a
delay in the settling time. Furthermore, it can be seen in Figure 8.1b that in the center of the
channel there is a lower magnetic field gradient, which results in slower vertical motion of these
particles. Also, the break-up of the individual velocity profiles results in an extra increase in the
level of particle dispersion.

Figure 8.4 shows the separation error for a laminar cell Reynolds number of 1890 and a turbulent
Reynolds number of 5800 for HC1MDS, with and without the history force included. In contrast,
what Tajfirooz et al. did, is the separation error plotted as a function of downstream distance
instead of time. Since in this study honeycombs with different solidity and cell Reynolds are
simulated, the conversion from time to streamwise direction is not so obvious when combining
data of different initial conditions. It can be seen that for both the laminar and turbulent case
the separation error is underestimated when excluding the history force. The difference between
the laminar and turbulent separation error will be further elaborated in Section 8.2.3.

Although neglecting the history force has a significant effect on the separation error, it will be
neglected in the upcoming cases to reduce the computation time.
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Figure 8.4: Average separation error as a function of the streamwise coordinate x for a laminar
and turbulent case and HC1MDS, with and without history force. One can see that excluding the
history force results in an underestimation of the separation error.

8.2.2 One-way coupled vs two-way coupled

As explained in Section 4.1.4, there are a different coupling methods. If one uses the two-way
coupling of momentum, this leads to an extra term in the turbulence kinetic energy budget called
the particle dissipation [Russo et al., 2014].

Ωpar = ujf2w − ujf2w, (8.5)

with f2w the two-way coupling term given by Equation 4.6.

The effect of particles on the honeycomb induced background flow can be investigated by simulat-
ing a case twice, once with one-way coupling and once with two-way coupling. Figure 8.5 shows
the turbulence intensity for a Reynolds number of 1190 and HC1MDS, with the one-way coupled
and the two-way coupled simulation results. Remarkable is the turbulence intensity where the
one-way coupling is used. The turbulence intensity from the top and bottom honeycomb chan-
nels diverge towards the center of the honeycomb. This behavior is not visible in the results of
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the two-way coupled simulation and was also not visible in the results of the single-channel wind
tunnel (Section 5), where no injection zone was used. This indicates that the presence of the
injection zones and the absence of particles result in a second turbulence intensity peak further
downstream if one measures downstream the y-center of the honeycomb. The particles will have
a stabilized effect on the fluid, since they suppress the turbulence in a particle-laden flow [Vreman
and Kuerten, 2018].

(a) (b)

Figure 8.5: Turbulence intensity for a cell Reynolds number of 1190 and HC1MDS. (a) one-way
coupled simulation. (b) two-way coupled simulation.

Figure 8.6a shows the one-way and two-way coupled turbulence intensity averaged over the y-z
domain as a function of x/Dh for two laminar cases. It can be seen that the presence of particles
results in a smaller x/Dh for the TI peak position and a higher value of TI peak. Near the injection
zones the local volume fraction of particles is high, and therefore the flow is highly disturbed. The
disturbance of the velocity field by the particles results in an increase of the turbulent energy
and therefore a break-up of the individual channel profile closer to the honeycomb. This can also
be seen in Figure 8.6b where the y-z averaged turbulence kinetic energy budget is plotted for a
cell Reynolds number of 1190. The solid lines correspond to the two-way coupled case and the
dashed lines to the one-way coupled case. For the two-way coupled case the particle dissipation
term is negligibly small, and the turbulent energy is mainly produced by the shear terms. It
can also be seen that the two-way coupled production term arises at a smaller x/Dh than in the
one-way coupled case, indicating that the particles disturb the velocity field and cause the increase
of the turbulent energy. From this theory it can also be explained why the TI peak of the ”Re =
1190,two-way” coupled case is at a smaller x/Dh than the ”Re = 1890,two-way” case. The mean
flow velocity of this case is smaller, therefore particles will disturb the flow at a smaller x/Dh than
if the mean flow velocity is larger.

If one compares the one-way coupled turbulence intensity with the single-channel wind tunnel
result of Figure 5.15, it can be seen that the dimensionless x/Dh position are not equal. This is
expected since all the dimensionless parameters are kept constant while changing from the single-
channel wind tunnel simulations towards the many-particle simulations. The only difference is
the presence of the injection zones in the many-particle simulations. Figure 8.7 shows the z-
averaged turbulence intensity downstream HC1MDS for a Reynolds number of 1890 and four
different situations, with one-way coupling. These situations are the single-channel wind tunnel
simulations without injection zones, The many-particle (or MDS) simulation without injection
zones, the many-particle simulations with a Couette type of profile, and with a combination
of a Poiseuille and Couette type of profile in the injection zones. In the simulation without
the injection zones the honeycomb dimensions are kept the same, but the parameter L becomes
0.25 · 0.075 = 0.056 m, resulting in a smaller channel. One can see that when using a Couette
type of velocity profile, the dimensionless distance is different from the other three cases. Due to
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Figure 8.6: (a) Turbulence intensity as a function of x/Dh for two laminar Reynolds numbers,
with one-way and two-way coupling and HC1MDS. (b) y-z averaged Turbulence kinetic energy
budget for a cell Reynolds number of 1190 and HC1MDS. The solid lines correspond to the two-way
coupled case and the dashed lines to the one-way coupled case.

the Couette flow the mean flow velocity compared to its mean cell velocity is lower than for the
other three cases, therefore the profiles will break up at a smaller x/Dh.

In Section 5.2.2 it was shown that simulating the same dimensionless peak position for HC1S,
HC2S and HC3S was dependent on the choice of the perturbation amplitude. In Figure 8.6a it
was shown that the presence of the particles results in an earlier break-up of the individual flow
profiles, and therefore determines the turbulence intensity peak position. If with the two-way
coupling the peak location is independent of the chosen perturbation amplitude, the problem
of the non-matching peak positions is solved. Figure 8.8 shows the y-z averaged turbulence
intensity downstream HC1MDS for a Reynolds number of 1890 and with the two-way coupling.
The perturbation amplitudes of the orange line are twice as small as for the blue line. In Section
5.2.4 it was shown that with the one-way coupling, lowering the amplitude results in a smaller
turbulence intensity peak which arises further downstream. It can be seen that with the two-way
coupling, this behavior is not visible anymore. The break-up of the individual channel profiles is
dominated by disturbance of the velocity field due to the particles. The peak height and position
with the two-way coupling is thus independent of the perturbation amplitude. Therefore it can
be said with certainty that the simulation can realistically predict the effect of wake turbulence
with different honeycombs when particles are added.

8.2.3 Different Reynolds numbers and honeycombs

In the simulations presented in this section, the effect of different Reynolds numbers and honey-
combs on the separation error is investigated. First, three different Reynolds numbers for HC1MDS
will be compared with a case without a honeycomb induced background flow as used by Tajfirooz
et al. Two out of the three Reynolds numbers are in the laminar regime and one is a turbulent
Reynolds number. Figure 8.9b shows the separation error as a function of time. Until around 0.5
s the difference between the four cases is relatively small. After 5 s the difference is visible, the
higher the Reynolds number the larger the separation error. One should take into account that
plotting em as a function of time is not convenient in this case. The particles in the turbulent case
will travel a larger distance than in the laminar case with a cell Reynolds number of 1190. Figure
8.9b shows the same separation error, but now plotted as a function of the streamwise coordinate
x. The data without a background flow is not shown, since one should choose a mean flow velocity
to convert time to downstream distance, and for this case this flow velocity is arbitrary.
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Figure 8.7: Z-averaged turbulence intensity downstream HC1MDS for a Reynolds number of
1890 and four different situations with one-way coupling. These situations are the single-channel
wind tunnel simulations without injection zones, The many-particle (or MDS) simulation without
injection zones, the many-particle simulations with a Couette type of profile and with a combina-
tion of a Poiseuille and Couette type of profile in the injection zones.

Two important parameters can influence the separation error. The first one is the number of
particle-particle interactions. Since the number of particles is the same in all the simulations, the
number of collisions will be more or less the same. A second parameter is the particle Stokes
number. The Stokes number is defined as the ratio of particle response time and the turbulent
time scale

Stk =
τp
τf
, (8.6)

with τp the particle response time and τf some time characteristic of the flow field. The particle
response time is given by [Nieuwstadt et al., 2016]

τp =
ρpd

2
p

18ρfν
. (8.7)

The time characteristic τf will be based on the hydraulic cell diameter and the rms of the velocity
fluctuations, such that

τf =
Dh

u′rms
. (8.8)

A particle with a small Stokes number is dominated by the fluid advection, while a particle with a
large Stokes number is dominated by its inertia. In the present simulations, the particle properties
do not change, and therefore the particle response time is equal for the four cases. This means
that τf is a dominant factor in determining the separation error. The average Stokes numbers for
HC1MDS and the Reynolds number 1190, 1890, and 5800 after 1000 mm are respectively 0.8, 0.4,
and 0.1.

The dimensionless turbulence intensity and the rms of the velocity fluctuations of the correspond-
ing cases are shown in Figure 8.10. The turbulence intensities for the three different Reynolds
numbers show the behavior as expected. The TI of the turbulence case is a factor 2 lower than
of the laminar cases, which have a TI which is almost equal. Instead of dimensionless numbers,
the rms of the velocity fluctuations tells more about the magnitude of the fluctuations. Now one
can see that the rms for the turbulent case is significantly higher than for the laminar cases. The
bottom level determines the average separation error in the system.
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Figure 8.8: y-z averaged turbulence intensity downstream HC1MDS for a Reynolds number of
1890 and with the two-way coupling. The perturbation amplitudes of the orange line are twice as
small as for the blue line.
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Figure 8.9: Separation error for HC1MDS for three different Reynolds numbers and a case
without a background flow (BGF). (a) Plotted as a function of time. (b) Plotted as a function of
the distance, the case without a BGF is not shown for convenience.

The effect of different honeycombs on the turbulence intensity and the rms can be seen in in Figure
8.11. Four different honeycombs are used with their dimensions stated in Table 8.2. HC1MDS,
HC2MDS, and HC3MDS have an equal wall thickness but differ in the cell diameter. For these
honeycombs, the cell Reynolds number is kept constant at 1890. However, a constant cell Reynolds
number for these honeycombs means that the mean flow velocity does change. Therefore additional
Reynolds numbers are added for HC1MDS, HC2MDS, and HC3MDS such that ’HC1MDS-Re1890’,
’HC2MDS-Re1407’, and ’HC1MDS-Re2295’ have the same mean flow velocity. From Figure 8.10b
it could already be concluded that a turbulent flow is not favorable, therefore only laminar flows
are presented in this graph. Before it was shown that the TI peak height and position with the
two-way coupling is independent of the perturbation amplitude. and dominated by the disturbance
of the velocity field due to the particles. In figure 8.11a it can be seen that therefore the turbulence
intensity peak in x/Dh for HC1MDS, HC2MDS, and HC3MDS do not match with a Reynolds
number of 1890. For the cases with the same mean flow velocity downstream the honeycomb, one
could argue that the rms peak occurs at the same dimension full streamwise position. However,
the three honeycombs do have besides a different hydraulic diameter also a different mean cell
velocity due to the different solidities. The mean cell velocities are 0.347, 0.373, and 0.3175 m/s
for respectively HC1MDS, HC2MDS, and HC3MDS. These effects can influence the impact of the
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Figure 8.10: Results for HC1MDS and three different Reynolds numbers and with the two-way
coupling. The data is averaged over the y- and z-directions. (a) Turbulence intensity as a function
of x/Dh. (b) rms of the velocity fluctuations as a function of x.

particles induced velocity fluctuations and therefore affect the flow downstream of the different
honeycombs.
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Figure 8.11: Results for different Reynolds numbers and four different honeycombs as described
in Table 8.2. For clarity the results of the turbulent case are not shown. From Figure 8.10b
it could already be concluded that a turbulent flow is not favorable.(a) y-z averaged turbulence
intensity as a function of x/Dh and with the two-way coupling. (b) y-z averaged rms of the
velocity fluctuations as a function of x and with the two-way coupling.

In Figure 8.12a the corresponding separation errors are presented. Again a strong relation between
the rms and the separation error is visible. For HC3MDS the rms peak is somewhat further
away than for the other honeycombs, the effect of this is also visible in the separation curve of
’HC3-Re1890’. Since the particle is already close to its equilibrium position after 200 mm, its
rising/sinking velocity is low. An increasing rms, therefore, results in a larger particle dispersion.
From the rms of the three honeycombs with a cell Reynolds of 1890, one can see that HC2MDS
shows the highest rms peak, and HC3MDS the lowest. Smaller cells mean a higher velocity with
a constant cell Reynolds number, and therefore a higher value of the actual rms. By choosing the
same average flow velocity, the inverse effect is obtained. With an equal average flow velocity, the
cell Reynolds number will vary per honeycomb. It can be seen that until 200 mm the separation
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errors for ’HC1-Re1890’, ’HC2-Re1407’, and ’HC1-Re2295’ are the same. After this, the separation
is dominated by the rms of the velocity fluctuations.
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Figure 8.12: Results for different Reynolds numbers and four different honeycombs as described
in Table 8.2. (a) Separation error as a function of x. (b) Separation error as a function of the
particle flux for different length of the separation chamber. The blue, red, yellow and green color
represents respectively HC1MDS, HC2MDS, HC3MDS and HC4MDS. It can be seen that the
choice is a trade-off between separation error and particle flux. The dashed line indicates the
particle flux as will be achieved when using the current MDS parameters.

The choice for the best honeycomb is therefore a trade-off between the separation error and the
particle throughput. A lower error is achieved when the average flow velocity is low. Figure 8.12b
shows the separation error as a function of the particle flux. The blue, red, yellow ,and green
color represents respectively HC1MDS, HC2MDS, HC3MDS and HC4MDS. For this calculation,
the number of particles is kept constant in the numerical domain. For the results different lengths
of the separation chamber are used, namely Lmds equals 0.5 m, 0.8 m, 1.0 m and 1.2 m. The
dashed line indicates the particle flux which will be achieved when using the length and mean flow
velocity of the current MDS system. When increasing the length of the separation chamber, the
separation error will be lower. However, this requires a larger MDS system, which is expensive
since it requires a larger magnet. Therefore an option to increase the particle flux and maintaining
a lower separation error is to use two systems in parallel with a lower mean flow velocity in each
of them. If from the above described honeycombs a choice must be made, it is suggested to use
HC1MDS with a Reynolds number of 1890. Comparing the results at a particle flux of 27000
kg · h−1m−2, it can be seen that this honeycomb gives the lowest separation error. One would
expect that a honeycomb with smaller cells (HC2MDS) is more favorable over one with larger
cells, since a lower Reynolds number is needed to achieve the same mean flow velocity. However,
this is not seen in the results. There is an indication that the impact of the disturbance due do
the particles differ for the different honeycomb and Reynolds number combinations.

8.2.4 Particle size

Tajfirooz et al. showed the effect of particle size on the separation error of the MDS system. They
varied the particle size from 4 mm to 2 mm while keeping the total volume fraction of particles
constant. They showed that the separation error of the smaller particles is higher than for the
larger particles. Two reasons were stated, namely: on the larger particles a higher magnetic force
acts resulting in a higher rising inertia and hence faster motion to the equilibrium position. The
second reason is that smaller particles and a constant volume fraction lead to more particle-particle
collisions and a lower separation performance.
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In the case of a honeycomb induced background flow, a smaller particle will have a lower particle
Stokes number and is therefore more dominated by the fluid advection. Figure 8.13 shows the
rms and the separation efficiency for two different particle sizes, with HC1MDS and a Reynolds
number of 1890. The particle volume fraction is kept constant resulting in 17857 particles for the
dp = 0.002m case. With a constant particle volume fraction the rms curve is almost independent
of the particle size, since the number of collisions is proportional to the particle surface area.
However, the separation error is different. After 1500 mm the separation error for the smaller
particles is around two times higher than for the larger particles.
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Figure 8.13: Results for two different particle size, with HC1MDS and a Reynolds number of
1890 and with the two-way coupling. (a) y-z averaged rms of the velocity fluctuations as a function
of x. (b) Separation error as a function of x.

8.2.5 Injection zones

Injection position

In this section, the effect of the particle injection position is investigated. One could argue that
if the particles are injected downstream of the rms peak, the dispersion level will be lower. First,
a one-way coupled simulation is performed for HC1MDS and a cell Reynolds of 1890, see Figure
8.6a. Then the output data at 16x/Dh (≈ 360mm) is used as an initial condition for the new
simulation. This results in a simulation where the injection position of the particles is downstream
of the turbulence intensity peak. Figure 8.14 shows the separation error for this case and a base
case. Although the particles that are injected later have less time to settle, the separation error
further downstream is equal to the case where the particles are injected just behind the honeycomb.
This means that the bottom level of the rms is the most dominant factor in the determination of
the separation error.

Injection zone flow profile

A Couette type of velocity profile is used in the injection zones. In the real MDS system, the
flow in the injection zones is not only transported via the conveyor belts but also with a pressure
difference. These two effects result in flow profile which is a combination of a Poiseuille and a
Couette profile. Below the effect of the Poiseuille-Couette profile on the separation efficiency for
HC1MDS and a cell Reynolds of 1890 is investigated. The average velocity for the injection zones
is chosen to be equal to the average velocity downstream of the honeycomb. This is a logical choice
since in the real MDS system the velocity for the three compartments (top and bottom injection
zones and the honeycomb) can be altered separately. The mean flow velocity for the case with
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Figure 8.14: Separation error as a function of x for a cell Reynolds number of 1890 and HC1MDS.
For the orange line the particles are injected downstream of the turbulence intensity peak.

the Poiseuille-Couette profile equals 0.37 m/s which is higher than the 0.27 m/s for the case with
only a Couette profile.

For the Poiseuille profile Equation 2.10 is used without a velocity perturbation. If the Reynolds
number is based on the hydraulic diameter of the injection zone of 0.0335 m, the Reynolds number
equals 3130. However, one can argue whether the flow is laminar or turbulent, since the aspect
ratio α∗ of the injection zone is around 0.125, and therefore much smaller than 1 [Chang et al.,
2012]. In this case it is assumed that the flow in the injection zone is laminar. Figure 8.15 shows
the initial solution for HC1MDS and a cell Reynolds number of 1890, with the new velocity profile
at the injection zones.
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Figure 8.15: (a) An example of the initial solution for a laminar case of 1890. In the injection
zones a combination of a Poiseuille and Couette flow profile is used. (b) Cross-section of the initial
solution acquired at z/L = 1.05.

Figure 8.16a shows the turbulence intensity as a function of x/Dh for the two situations. One can
see that TI peak height for the Poiseuille-Couette flow is lower, and that its position is further
downstream. Furthermore it can be seen that further downstream the TI values are equal and
therefore independent of the type of velocity profile in the injection zone. Figure 8.16b shows the
rms of the velocity fluctuations as a function of x. Since the mean flow velocity of the Poiseuille-
Couette flow is higher, the rms shows also larger values. This effect is therefore also visible in
the separation error shown in Figure 8.17. One can see that the separation error is just slightly
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smaller with a Couette type of flow. But on the other side the mean flow velocity with a Couette
type of flow is also lower, which does result in a lower particle flux.
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Figure 8.16: Results for HC1MDS and a cell Reynolds number of 1890 with either a Couette
flow profile or a combination of Poiseuille and Couette profile in the injection zones and with the
two-way coupling. The data is averaged over the y- and z-directions. (a) Turbulence intensity as
a function of x/Dh. (b) rms of the velocity fluctuations as a function of x.
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Figure 8.17: Separation error as a function of x for a cell Reynolds number of 1890 and HC1MDS.
For the orange line an combination of a Poiseuille and Couette velocity profile is used in the
injection zones, while for the blue line a Couette velocity profile is used.

8.2.6 Ferrofluid

In the real MDS system, a ferrofluid is used instead of a manganese(II)chloride solution. This
ferrofluid has a mass density ρf of 1010.83 kg ·m−3 and a dynamic viscosity µf of 0.001 kg ·m−1 ·
s−1. For the comparison, one would like to compare the rms of the velocity fluctuations and the
separation error as a function of the stream-wise distance x in mm. It is possible to compare the
results by plotting the dimensionless turbulence intensity as a function of x/Dh. However, it is
hard to compare the rms and the separation error for the paramagnetic liquid and the ferrofluid
for i.e. HC1MDS and a Reynolds number of 1890. Since the kinematic viscosity of the ferrofluid
is around four times smaller than that of manganese(II)chloride, a four times smaller mean flow
velocity is needed to achieve the same Reynolds number. This does also results in a mean flow
velocity which is four times smaller, resulting in a lower rms and also a lower separation error.
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If one would simulate the same mean flow velocity and use a laminar flow inside the cells, the
honeycomb cell hydraulic diameter in the case of the ferrofluid needs to be four times smaller.
With the current computational domain (L = 0.075m), the mesh needs to be really fine such that
the time and memory become limited. HC1MDS has honeycomb cells with a hydraulic diameter
of around 20 mm. For the simulation of HC1MDS, the number of points in the y-z-x direction
are respectively 512× 512× 128. From this one can estimate that for a honeycomb with Dh = 5,
around 2048× 2024× 128 points are needed. Therefore it is hard to compare the results of these
two liquids in the same numerical domain.
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9. Conclusion and recommendation
In this research, the flow field downstream of a honeycomb, and its effect on the particle dynamics
is investigated experimentally and numerically. The coupling is made between the two aspects as
has been investigated by the MDS project team of the TU/e. The velocity field downstream of
a honeycomb for different Reynolds numbers is measured and these fields are implemented in the
numerical model which predicts the particle trajectory. With the new numerical model, the flow
downstream of the honeycomb and the effect of these different background flows on the separation
efficiency of the particles is investigated.

In Chapter 5 the honeycomb induced flow instabilities were investigated. In the single-channel
wind tunnel, the effect of different Reynolds numbers for HC1E was measured via Particle Image
Velocimetry (PIV). First, it was shown that downstream of the honeycomb the individual channel
profiles develop into one uniform velocity profile. The break-up of the individual channel pro-
files corresponds with an increase in the turbulence intensity. The turbulence intensity reaches its
maximum at a certain dimensionless distance x/Dh and then starts to decay. After the turbulence
intensity reaches its maximum, the flow becomes nearly homogeneous and isotropic. The position
and magnitude of this turbulence intensity peak depend on the Reynolds number. With increasing
Reynolds number, the position of the turbulence intensity peak moves closer towards the honey-
comb, until the flow is turbulent. If the Reynolds number increases further in the turbulent regime
the peak starts to move away from the honeycomb again. The same behavior can also be seen for
the peak height. With increasing Reynolds number the peak grows until a maximum is reached at
Reynolds = 2130, and then starts to decrease. With the numerical model, the same trend for the
different Reynolds numbers was visible. However, it is shown that the peak position and height
are dependent on the chosen perturbation amplitude, and therefore it is difficult to simulate the
same position and height as observed experimentally. Due to the COVID-19 pandemic, it was not
possible to do more experiments with different honeycombs. Therefore some assumptions were
made about the applied perturbation amplitude for the numerical model. The obtained results
were validated with the data from Dellaert et al. [Dellaert et al., 2020]. The simulated trends for
different honeycombs were quite in agreement with the results from Dellaert et al. Although the
peak position for HC1S, HC2S, and HC3S was not in agreement, it is shown later in Chapter 8
that this will not influence the results when adding particles to the system. It was also shown that
the turbulence intensity does not change when changing the fluid from air to the paramagnetic
liquid manganese(II) chloride. Finally, the conclusion was made that the trends observed with the
experiments could also be predicted by the numerical model.

The generated turbulence intensity downstream of the honeycomb was investigated in more detail
through the turbulence kinetic energy budget. It was shown that the different terms of this
budget behave the same for the experimental and numerical results in the case of either a laminar
or turbulent flow. In the case of a laminar flow, the production term starts to increase as the
individual channel profiles slowly start to merge into a uniform flow. At a certain point, the
production reaches a maximum and then quickly drops to zero. The advection will carry the
kinetic energy further downstream of the honeycomb until it starts to dissipate. In the case of
a turbulent flow, it is different. The flow exiting the honeycomb is already highly turbulent and
therefore energy is already dissipated at that position. The production rate is immediately high
near the honeycomb and decreases further downstream. The influence of the advection term is not
so obvious for the turbulent flow, indicating that most of the turbulent energy directly dissipates
after it is produced.

In Chapter 7 the decay of the turbulence intensity is fitted with a power law. First, a parameter
analysis is performed to show that four parameters (decay coefficient A, decay exponent p, vir-
tual origin x0/Dh and the noise N ) result in too many degrees of freedom to obtain a unique
fit. While in the field of grid generated turbulence the virtual origin is often fixed to zero, this
research proposed to use the position where the production term of the turbulent energy reaches
its maximum as a virtual origin. Although not all the data is measured far downstream, there is
enough proof that with the virtual origin and the noise fixed, there exists a near-field decay and
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a far-field decay for both the experimental and numerical results. For the experimental results
the near-field decays with p ≈ −2.25 and the far-field with p ≈ −1.16. For the numerical results
the near-field decays with p ≈ −1.89 and the far-field with p ≈ −1.37. Changing the Reynolds
numbers and honeycomb does not have a significant effect on the near-field decay. The difference
between the experimental and numerical decay exponents is small, meaning that the effect on the
many-particle simulations will be small.

The effect of a background flow on the separation efficiency in a many-particle system is invest-
igated in Chapter 8. It is shown that neglecting the history force has a significant effect on the
separation error. Although it has a significant effect, it is neglected in the upcoming cases to
reduce the computation time. The presence of particles in the flow results in an earlier break-up
of the individual velocity profiles. The rising and sinking particles will disturb the flow field and
therefore contribute to an increase in the turbulent energy production. The choice for the best
honeycomb and cell Reynolds number is a trade-off between the separation error and the particle
throughput. A lower separation error is achieved when the average flow velocity is low. When
increasing the length of the separation chamber, the separation error will be lower. However, this
requires a larger MDS system, which is expensive since it requires a larger magnet. Therefore an
option to increase the particle flux and maintaining a lower separation error is to use two systems
in parallel with a lower mean flow velocity in each of them. If from the investigated honeycombs
and Reynolds numbers a choice must be made, it is suggested to use HC1MDS with a Reynolds
number of 1890. Comparing the results at a particle flux of 27000 kg ·h−1m−2, it can be seen that
this honeycomb gives the lowest separation error. One would expect that a honeycomb with smal-
ler cells (HC2MDS) is more favorable over one with larger cells, since a lower Reynolds number is
able to achieve the same mean flow velocity. However, this is not seen in the results. There is an
indication that the impact of the disturbance due do the particles differs for the different honey-
comb and Reynolds number combinations. More research, also experimental, is needed to better
understand how particles affect the flow downstream of the different honeycombs. Increasing the
particle size from 2 mm to 4 mm results in a separation error which is approximately a factor
two larger. Injecting the particle downstream of the turbulence intensity peak does not result in
a lower separation error, since the turbulence intensity far downstream of the peak dominates the
separation error.

For the future, it is suggested to perform more PIV experiments with the single-channel wind
tunnel. One can investigate the effect of changing the honeycomb on the magnitude of the per-
turbation amplitude while keeping the cell Reynolds number constant. It is also of interest to
perform more research on the far-field decay. It is shown that the rms far downstream dominates
the separation efficiency of the system, which is related to the far-field decay. Therefore it is an
option to measure the flow downstream of a honeycomb with smaller cells (i.e. HC2E) than used
in this research (HC1E). If the hydraulic diameter is smaller than the one of HC1E, one has to
measure less far in millimeters to achieve the same stream-wise distance in x/Dh. One can also
measure further downstream with HC1E, but then the formation of the boundary layers near the
walls can become a problem. This research does also not include the effect of the honeycomb
length on the turbulence intensity.

Numerically there are also improvements possible. In this work, the plastic particles are assumed
to have a spherical shape. However, it is well known that particle shape has a significant influence
on the dynamics of particles. Within the MDS project, a new set-up will be built which allows
a honeycomb to be pulled through a tank filled with a paramagnetic liquid after which plastic
particles are released. This set-up can be used to validate the results as presented in Chapter 8.
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A. Grid-independence study
A grid independence study is performed to obtain a simulation that is a useful compromise between
accuracy and calculation time. A list of honeycombs can be found in Table 5.4.

A.1 HC1S

Five different meshes are used with different numbers of mesh points. The numbers of points are
in most of the cases varied in the y-z plane since this determines the structure of the honeycomb.
The used meshes and the corresponding numbers of points are stated in Table A.1 The grid

Nx Ny Nz Ntotal

Mesh 1 128 128 128 2097152
Mesh 2 128 256 256 8388608
Mesh 3 128 384 384 18874368
Mesh 4 128 512 512 33554432
Mesh 5 256 384 384 37748736

Table A.1: Numbers of points per direction for the five different meshes used for the grid
independence study of HC1S

independence study is performed for a laminar case with a cell Reynolds number of 3230 and
a turbulent case with Reynolds equals 7400, where the velocity magnitude and the turbulence
intensity in the middle honeycomb as a function of x/Dh are compared. Figure A.1 shows these
result for the laminar case. With an increasing number of points, both the velocity and turbulence
intensity start to converge towards one solution. Mesh 1 clearly has too few points, while mesh
2 is also not accurate enough. From mesh 3 and onwards, the solution appears to be almost
independent of the used grid. Therefore mesh 3 will be used for the laminar cases.
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Figure A.1: Velocity magnitude and turbulence intensity as a function of x/D for five different
mesh sizes as described in A.1. A laminar case is used with a cell Reynolds number of 3230.

Figure A.2 shows the result of the turbulent mesh study. Due to the chaotic state of the turbulent
flow, the y-averaged velocity and turbulence intensity will be compared. It is not useful to compare
a point-wise result, since in a turbulent flow a small initial difference can grow exponentially. The
convergence, in this case, is not as clear as in the laminar case, but again mesh 1 is clearly too
coarse. From the turbulence intensity it can be seen that the decays of mesh 3, 4 and 5 are more
or less equal, while the decay of mesh 2 seems less steep. Based on this observation again mesh 3 is
used for the turbulent cases, The TI on mesh 5 is in the beginning lower since the duct simulation
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only has 128 points in the x-direction. This data is thus duplicated to find 256 points in the
x-direction and therefore the standard deviation of the velocity at x/DH = 0 will be different than
on the other meshes.
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Figure A.2: Velocity magnitude and turbulence intensity as a function of x/D for five different
mesh sizes as described in A.1. The values are y-averaged over the whole domain. A turbulent
case is used with a cell Reynolds number of 7400.

A.2 HC4S

Three different meshes are used with different numbers of mesh points. The numbers of points are
varied in the y-z plane since this determines the structure of the honeycomb. The used meshes
and the corresponding numbers of points are stated in Table A.2.

Nx Ny Nz Ntotal

Mesh 1 128 384 384 18874368
Mesh 2 128 512 512 33554432
Mesh 3 128 576 576 42467328

Table A.2: Numbers of points per direction for the five different meshes used for the grid
independence study of HC4S

Figure A.3 shows these result for the laminar case with a Reynolds number of 3230. With an
increasing number of points, both the velocity and turbulence intensity start to converge towards
one solution. Mesh 1 clearly has too few points, while the difference between mesh 2 and mesh 3
is negligible. Therefore mesh 2 will be used for the laminar cases.

Figure A.4 shows the result of the turbulent mesh study. The data is again averaged over the
height. It can be seen that mesh 1 deviates from the other two meshes, and that the difference
between mesh 2 and mesh 3 is negligible. Therefore mesh 2 will be used for the turbulent cases.
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Figure A.3: Velocity magnitude and turbulence intensity as a function of x/D for three different
mesh sizes as described in A.2. A laminar case is used with a cell Reynolds number of 3230.
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Figure A.4: Velocity magnitude and turbulence intensity as a function of x/D for three different
mesh sizes as described in A.2. The values are y-averaged over the whole domain. A turbulent
case is used with a cell Reynolds number of 5800.
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B. Fit on the dominant amplitudes of the
initial solution

In section 4.2.1 it is shown how the initial solutions for the laminar cases are made. From the PIV
measurements a discrete number of amplitudes are extracted, which can be used for the initial
solutions. By fitting an exponential function through the data of Figure 4.5, one can also simulate
Reynolds numbers which were not measured with PIV. Figure B.1 shows these amplitudes with
the corresponding fit, where the corresponding equations are stated below. Since the secondary
amplitudes (Au,2 and Av,2) do not deviate much and have less influence, a constant value is chosen.

Au,1 = 1.291 · 10−12Re3.045 + 0.01509 (B.1)

Au,1 = 4.018 · 10−17Re4.186 + 0.007 (B.2)

Au,2 = 0.0065 (B.3)

Av,2 = 0.0045; (B.4)
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Figure B.1: Extracted amplitudes and corresponding fits from the PIV measurements as a
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