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Summary 
 

A large fraction of consumer products is made out of the material plastic. These plastic 

products have a finite lifetime and are finally disposed of. The incorrect disposal of plastic 

causes pollution in the environment i.e.: the “plastic soup”, and the incineration of plastic 

contributes to climate change. Efficient recycling is needed to solve these environmental 

problems. The way plastic is currently recycled is inefficient, and environmentally and 

economically unsustainable. To solve this problem an efficient novel separation technique, 

called magnetic density separation (MDS), that can separate plastic particles based on their 

mass density, has been developed. MDS uses a ferrofluid which is magnetized by magnets 

both on the bottom and at the top of a flow channel and this creates a vertical “apparent” 

mass density gradient inside the ferrofluid. When plastic particles are added to a ferrofluid 

flow these will float at a buoyancy equilibrium height, corresponding to their mass density. In 

this fashion MDS is able to separate these plastic particles based on their mass density. As the 

mass density of a plastic particle is correlated with a specific type of plastic, it can then be 

recycled down to component level, to reuse it for the production of new plastic products with 

near virgin specifications. For MDS several bottlenecks are identified and investigated by four 

universities in the Perspectief program: ‘Innovative Magnetic Density Separation for the 

Optimal Use of Resources and Energy’. At the Fluids and Flows (F&F) group of the Department 

of Applied Physics at Eindhoven University of Technology (TU/e), we investigated the fluid 

dynamics of MDS in an experimental project, while a numerical PhD project on the same 

subjects was carried out by Sina Tajfirooz at the Department of Mechanical Engineering. The 

two subjects that were studied at TU/e are: the effect of turbulence generated in the wake of 

a duct (honeycomb), and the effect of particle-fluid-particle interaction inside a paramagnetic 

fluid. This thesis is devoted to the experimental investigation of these two subjects. 

Turbulence inside the MDS machine will make the separation process less efficient due to 

induced mixing, and should therefore be suppressed, for instance by using a honeycomb as a 

flow laminator. This is explored in chapters two and three of the thesis, with the measurement 

techniques laser Doppler velocimetry (LDV) and particle image velocimetry (PIV), respectively. 

To ensure that the turbulence intensity is short-lived and reaches sufficiently low levels in the 

separation zone of the MDS machine, the honeycomb should have thin walls and the 

honeycomb cell should favorably have a small hydraulic diameter, while maintaining a 

Reynolds number below 2000 inside the channels of the honeycomb. 

Particle-fluid-particle interaction results in a delay of the separation process. The investigation 

of this time delay is described in chapter four. We carried out particle tracking velocimetry 

(PTV) experiments inside a fluid tank with a vertical mass density gradient. For colliding 

particles, the lateral center distance (LCD) of the particles and the apparent Galileo number 

are good indicators for the delay time before the particles reach their equilibrium height. 

Delay times varying between -1.5 s and 5 s were found during the experiments. Here the 

negative delay times are caused by the dampening effect of the collisions on the oscillations 

of the particles at their equilibrium height. The performance of the numerical model was 

validated by these experimental results and showed overall a good agreement. The particle 
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concentration has implications on the relation between separation efficiency and length of an 

MDS machine and an optimum should therefore be chosen. 
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1. Introduction 
 

Plastic is a versatile material, that is used in a wide range of applications. It helps our society 

to increase the shelf life of our food and therefore makes it more efficient to produce and 

lower its greenhouse gas output [1]. Plastic also helps society by transporting clean water and 

sewage and by creating green transportation, energy efficient homes and renewable 

energies. Furthermore it is used in hygienic healthcare products that help us combat the 

COVID-19 pandemic [2].  

However, a problem arises when a plastic product is at the end of its lifetime and turns into 

plastic waste often after single use. This plastic waste creates harm by polluting the 

environment, it is dumped in the rivers and ends up in oceans where it increasingly leads to 

growth of the “plastic soup” [3]. Often plastic waste is burned and through this incineration, 

the carbon footprint increases [4]. Eventually, littering can even lead to killing of animals. In 

2018 61.8 million metric ton of plastic was produced in the European Union, while only 9.4 

million metric ton of plastic was recycled in the European Union. These worrying numbers are 

even worse if one realizes that the European Union outperforms other continents on the 

amount of plastic that is recycled. In 2019 the total worldwide production of plastic was 368 

million metric ton [2] and a significant amount of that plastic ends up unrecycled. 

To raise public awareness of the plastic waste problem, Japanese artist Hideaki Shibata has 

created various sculptures. One of his sculptures is the garbage fish, created in 2014 and is 

displayed in figure 1. Here the “plastic soup” problem is visually displayed by the sculpture 

being made of plastic objects that drifted to shore or onto riverbanks [5]. 

 

 
Figure 1: Garbage fish sculpture created by Hideaki Shibata located in Denmark. Photo by Erik Forsberg 
(cropped) [6]. 
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A solution for the plastic waste problem lies in improving the options for plastic waste 

recycling. This, however, is difficult due to the fact that different kinds of plastic have physical 

properties that are not very different. The more the physical properties of a material differ, 

the easier it is to separate and vice versa. A separation process that can separate materials 

with slightly different physical properties is magnetic density separation (MDS), which has 

been developed by Umincorp [7]. MDS is able to separate plastic particles based on their mass 

density, which is correlated to the type of plastic [8]. Separated plastic can be reused in more 

specific and in higher-value products and this significantly increases the economic feasibility 

of recycling. The MDS principle separates on the same properties as a conventional sink–float 

process [9], with the MDS process having the advantage to be able to separate multiple mass 

density ranges in one step. An example of the mass density gradient that exist inside an MDS 

machine can be seen in figure 2. Here a manganese(II) chloride (MnCl2) solution is shown with 

plastic particles of various mass densities. If household packaging plastic waste is taken as 

example the current MDS machine, named ‘MDS 1500’, is able to separate polypropylene 

(PP), polyethylene (PE), polystyrene (PS) and polyethylene terephthalate (PET) at a capacity 

of 1500 kg plastic/h. 

To improve the separation process of MDS, a Dutch research program was funded by the 

“Nederlandse Organisatie voor Wetenschappelijk Onderzoek” (NWO) in collaboration with 

the following Dutch universities: Delft University of Technology (TUD), University of Twente 

(UT), Utrecht University (UU) and Eindhoven University of Technology (TU/e). At the TU/e 

research was performed on turbulence reduction and particle-particle interaction inside the 

MDS machine in both an experimental and a numerical PhD project [10]. This thesis describes 

the experimental part done at the TU/e. 

 

 
Figure 2: Manganese(II) chloride (MnCl2) solution positioned above a so-called Halbach array consisting of 
permanent magnets. This created a mass density gradient in the solution in which particles with different mass 
densities float on different heights. 

 

1.1. Magnetic density separation (MDS) 
In an MDS machine, which is sketched in figure 3, a ferrofluid enters a flow laminator at the 

‘waste input’ zone. The ferrofluid consists of water with suspended ferromagnetic 
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nanoparticles with a surfactant coating to prevent agglomeration. The flow laminator consists 

of small parallel channels that act as a honeycomb structure. Plastic particles are inserted in 

two channels above and below the flow laminator by means of two conveyor belts. The two 

streams are already partly pre-separated so that the upper stream mainly contains plastics 

lighter than the fluid, whereas the lower stream mainly contains plastics heavier than the 

fluid. Directly downstream of the laminator the three flows merge in the ‘separation chamber’ 

where the actual plastic separation process takes place. An apparent mass density gradient 

exists in the ferrofluid due to the presence of a strong non-uniform magnetic field. This causes 

each plastic particle to move to a height where its mass density equals the apparent mass 

density of the ferrofluid. At the end of the ‘separation chamber’, the flow enters the 

‘separation blades’ zone. Here each different mass density group is extracted at a different 

compartment. Thereafter the solid plastic particles and the ferrofluid of each mass density 

group are separated by a centrifuge such that the ferrofluid can be recycled. For the plastic 

particles there are possibilities to separate further, for example based on color or infrared 

spectroscopic sorting. A more detailed description of MDS can be found in the PhD thesis of 

Hu [11]. 

 

 
 

Figure 3: Sketch of the magnetic density separation (MDS) machine. Note that different colors represent 
different mass densities of plastics. 

 

1.2. Objective 
The characteristics of the flow inside the MDS machine are of key importance to obtain a good 

separation. First, the flow should have a low turbulence level to avoid induced mixing of the 

plastic particles in the ‘separation chamber’, while on the other hand the velocity of the fluid 

should be sufficiently large to obtain a large economically viable throughput. Second, the 

particle interaction in the ‘separation chamber’ could cause a delay in their settling time. A 

higher particle concentration increases its throughput, but also the number of collisions, in 

this respect an optimum should therefore be found. In this thesis these two challenges will 

be investigated to arrive at recommendations and design rules for a more efficient MDS 

machine. 
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1.3. Outline 
The contents of this thesis are as follows. Chapters 2 and 3 address the study of turbulence 

reduction and chapter 4 presents the study on the particle-fluid-particle interaction. In 

chapter 5 the conclusions are presented. The numerical part of this research can be found in 

the PhD thesis of Tajfirooz [12]. 

 

In chapter 2 first a literature review is given and next the set-up of the triple wind tunnel with 

laser Doppler velocimetry (LDV) is explained. This triple wind tunnel has three inlet flows to 

mimic the flow structure in the MDS machine and has received its name from those three 

inlets. Afterwards the results are presented concerning the velocity profiles and turbulence 

intensity downstream of the honeycomb. Next the transition regime between laminar and 

turbulent flow inside the honeycomb is discussed. This is followed by the measurements 

performed at the centerline downstream of the honeycomb for the velocity and turbulence 

intensity, while also unequal flow velocities merging together were investigated. Specifically 

of interest is the decay of the turbulence downstream of the honeycombs. The decay of the 

turbulence is an essential parameter to know how fast the turbulence is reduced at the end 

of the magnet zone in an MDS recycling apparatus. Therefore a fit of the turbulence intensity 

decay is presented.  

 

In chapter 3 the set-up of the single wind tunnel with particle image velocimetry (PIV) is 

explained. This chapter follows a similar set-up as chapter 2, but now velocity vector fields 

are measured using PIV. Velocity profiles, and turbulence intensity profiles are determined 

downstream of a honeycomb system as well as the decay of turbulence. Also a numerical 

comparison is presented for all experimental results in this chapter. Thereafter the velocity 

fields and turbulence intensity fields downstream of a honeycomb are given. From these 

results the experimental velocity profiles directly downstream of a honeycomb cell are 

created together with the results for the velocity and turbulence intensity at the centerline 

downstream of the honeycomb. These results are then used to calculate the homogeneity 

and isotropy of the turbulence. The results of the turbulence kinetic energy (TKE) budget are 

presented, which are then used to produce a fit for the turbulence intensity decay for both 

the numerical and experimental results. 

 

In chapter 4 experiments are carried out with particle tracking velocimetry (PTV) on the 

particle-fluid-particle interaction. This chapter starts by a summation of all relevant forces 

that act on a particle, which are used in the numerical model to compare the experimental 

results with. After this the set-up is explained. This considers the magnet array and 

paramagnetic fluid that are needed to create an apparent mass density gradient. Next the 

first experiments are presented on the travel time of a single spherical particles with PTV. 

Consequently the results on the delay time by two colliding spherical particles are given. This 

is continued by the results of two colliding ellipsoidal particles with the delay time and 

orientation of the main axes of the particle presented and followed by a conclusion of this 

chapter. 
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Finally in chapter 5, the previous chapters conclusions are summarized, and a 

recommendation is given for the MDS machine itself and an outlook for a continuation 

project. 
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2. Turbulence decay rate in the triple wind tunnel 
 

In the following two chapters we focus on the flow in the wake of the laminator. Laminators 

have often been used in low turbulence wind tunnels, for example by Bradshaw [13] and 

Scheiman [14,15]. The flow field in the wake of a laminator has a strong resemblance to the 

flow downstream of a grid. Here, we will focus on earlier research that was performed 

specifically on honeycombs. In 1964 Lumley et al. [16,17] performed hot-film probe 

experiments behind a honeycomb in a water tunnel and found a lower turbulence level at 

x/Dh=70.5 than at free-stream conditions, where x is the distance downstream of the 

honeycomb and Dh the hydraulic diameter of a honeycomb cell, at various velocities and also 

made an analysis on the effect of length-to-diameter ratio. Lumley et al. also developed a 

turbulence decay law, derived from earlier turbulence studies at Cambridge University. They, 

however, did not study the detailed downstream dependence. Later Loehrke et al. [18,19] 

carried out hot wire experiments and visualization on a honeycomb made of plastic drinking 

straws in a circular pipe. They found that directly behind the honeycomb the turbulence level 

was lower than in the free-stream, then increased to a turbulence level of 30% and gradually 

decayed back to a turbulence level below the free-stream condition. Robbins [20] 

investigated the influence of honeycombs on the turbulence level in a large water tunnel 

facility and showed a decrease in turbulence downstream, but no detailed distance 

dependence was investigated. Mikhailova et al. [21] investigated the effect of upstream 

turbulence levels on the downstream turbulence levels generated by honeycombs. 

Furthermore, their work showed more detail on the turbulence level as a function of the 

downstream distance of the honeycomb. The turbulence peak shifts closer to the honeycomb 

when the Reynolds number based on the hydraulic diameter of the hexagon honeycomb cell 

is increased from 1150 to 3500. They also used a model to describe the turbulence level. This 

model was derived from the second paper by Lumley et al. [17], but they did not find a good 

agreement. They finally derived a new expression where the drag coefficient was an 

additional scaling parameter, which was fitted to their data. Xiong et al. [22] performed 

experiments with particle image velocimetry (PIV) on two perforated plates and a tube bundle 

and found that the velocity profiles match the fully developed flow at around 25 diameters 

downstream of the conditioners. Kulkarni et al. [23] carried out numerical simulations using 

Ansys CFX - κ-ε turbulence modelling and investigated the effect of honeycomb stiffeners, 

shape, screen sizes and material. They showed that immediately downstream of the 

honeycomb a peak in the turbulence intensity occurs, and they could compute the merging 

of the individual flow profiles of the honeycomb cells. Farell et al. [24] performed hot-wire 

measurements and found that honeycombs preceded by a screen and followed by one or 

more fine screens can be used to control turbulent flows. Their findings were in agreement 

with the earlier mentioned work by Loehrke et al. [18,19]. Kühnen et al. [25] recently 

published an article where stereoscopic PIV and pressure drop measurements were 

performed and used with 3D printed honeycombs for relaminarization of a turbulent flow. 

Although much literature is available on this subject, a study on the dependency of the 

turbulence intensity in a large range of Reynolds numbers and on the power law of the decay 

of the turbulence in laminar and turbulent conditions for honeycombs is not available. So, a 
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more detailed research is needed to fully understand the flow behind a 3D-printed 

honeycomb and compare this with literature on turbulence decay behind grids. Furthermore, 

in the MDS geometry there is also a flow above and below the honeycomb and the merging 

of the three flows might be relevant to understand and predict the behavior of plastic 

particles in this geometry. In this research we therefore investigated the merging of the 

individual flow profiles from the honeycomb cells and the turbulence level behind the 

honeycomb for different Reynolds numbers.  

 

This chapter presents the experiments we carried out in the triple wind tunnel with laser 

Doppler velocimetry (LDV). The name was formed due to this wind tunnel having three 

separate inlets. 

The work of the following students who performed experiments in the triple wind tunnel is 

also included: Ilse Bruining [26], Janneke Groot Zevert [27], Koen Kuiper [28], Koen van der 

Lee [29], Luuk Vervoort [30], Mart Giesbergen [31], Ronald Driessen [32] and Martijn van Vugt 

[33]. 

 

2.1. Experimental set-up 
The main object of this investigation is to understand and describe the turbulence 

downstream of honeycombs. To accomplish this, we have constructed a wind tunnel 

consisting of three rectangular ducts at the upstream side that merge into a single channel. 

This design was chosen to mimic the geometry, and the three separate inlets of the MDS 

machine. Whereas the MDS machine uses an opaque ferrofluid mixed with plastic particles, 

nitrogen gas is the fluid used in the wind tunnel, with added tracer particles. This was done 

to enable the measurement of the fluid velocity with laser Doppler velocimetry (LDV). Results 

of the measurements can be transferred to the MDS case by using similarity provided that 

the Reynolds number is equal. 

For the notation of the coordinates we use the following: the x-direction is the streamwise 

direction, the z-direction is the vertical direction, and the y-direction is perpendicular to the 

other two, as shown in figure 5. Where the origin is always located at the end of the 

honeycomb, in the corner of the bottom and glass pane of the wind tunnel. In figure 4 and at 

the bottom of figure 6 a picture of the wind tunnel and a flow process diagram are shown, 

respectively. The wind tunnel is in total 2500 mm long from x= -1000 mm till x= 0 mm the 

wind tunnel is divided in three flow ducts resembling the ‘flow laminator’ in the middle, with 

a side channel at the top and a side channel at the bottom. At x= 0 mm the three flow ducts 

merge into one flow duct. The region further downstream till x= 1500 mm is where most of 

the measurements described in this chapter are performed. The top and bottom channel have 

a cross-section area of 70 mm by 10 mm, the middle channel has a cross-section area of 70 

mm by 50 mm and is separated from the side channels by two 5 mm thick splitter plates as 

can be seen in figure 5. The single merged channel has a cross-section area of 70 mm by 80 

mm. For controlling the three separate inlet flows individually, a system of control valves and 

flow meters was constructed. A process diagram of this system is shown in figure 6. The 

nitrogen has a maximum inlet pressure of 10 bar and enters the wind tunnel at nearly 

atmospheric conditions. So, the main pressure drop occurs in the set-up for controlling the 
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wind tunnel flow. Every flow duct has three parallel control valves and corresponding flow 

meters with different ranges, controlled by a computer to create a total velocity range 

between 0.2 and 8.0 m/s. Adjusting of the control valves to maintain the flow at its setpoint, 

continuously caused slight changes in the flow that was wrongfully measured as turbulence 

intensity by our LDV. However with the help of the ‘pressure tank’ these fluctuations in the 

flow were mostly dampened out. The heat exchanger shown in the diagram was not used 

during the experiments. Small demineralized water droplets, observed as fog, were used as 

tracer particles for the LDV. The droplets were generated with three humidifiers. In the middle 

channel a UCAN FT-P22~302UVSV-CE ultrasonic humidifier unit was installed, whereas the 

top and bottom channels both had a UCAN FT-K42UV ultrasonic humidifier unit installed. Just 

upstream of the entrance of the wind tunnel a drainage system was placed to get rid of any 

surplus of condensed water. With the inlet nitrogen having a humidity of 0% the operation of 

this fogging system turned out to be a challenge. The particle size of the tracer particles was 

measured by Liew [34] with laser Doppler anemometry (LDA). Here a mean droplet diameter 

of approximately 10 µm was found. This results in a particle relaxation time of 0.3 ms, while 

the worst-case scenario of the smallest time scale calculated with the Kolmogorov microscale 

and the turbulence kinetic energy from figure 51, results in 0.9 ms. Therefore the smallest 

velocity fluctuations are also tracked by our LDV. 

Transparent glass was installed on the walls of the wind tunnel in order to enable LDV 

experiments. No glass was installed at the connection flanges of the wind tunnel sections, 

which resulted in gaps in the measurement window with a width of 135 mm.  

 

 
Figure 4: At the top picture a side view of the wind tunnel. On the left the three separate entrance ducts can be 
seen, at the bottom the xyz-translation stage is placed on an optical table and on the right the transceiver 
probe for the LDV measurements is displayed on the xyz-translation stage. At the bottom picture a zoomed in 
part of the top picture can be seen where honeycomb 1 and the merging of the three channels can be viewed in 
more detail. 
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Figure 5: Schematic cross-section of the wind tunnel that shows the top, middle and bottom channels before 
merging in to one channel, with honeycomb 1 installed. 
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Figure 6: Process diagram of the set-up for controlling the wind tunnel flow and at the bottom a schematic side 
view of the wind tunnel with honeycomb 1 installed. 

 

2.1.1. Honeycombs 
The middle channel is designed in such a way that the honeycombs which can be viewed in 

figure 7, with their dimensions displayed in table 1, can be installed. These honeycombs were 

produced with a stereolithography apparatus (SLA), which is a 3D printing technology. The 

outside dimensions of all honeycombs used in this chapter are 69.7 mm by 49.4 mm to be 

able to tightly fit inside the middle channel. By adding a few pieces of adhesive tape, the 

clearance has been made sufficiently narrow to fix the honeycomb inside the middle channel.  
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Figure 7: Honeycombs used during the experiments, from left to the right honeycomb 1,2,3 and 4. 

 
Table 1: Honeycomb dimensions. 

Honeycomb Length 
[mm] 

Cell 
height 
[mm] 

Cell 
width 
[mm] 

Cell 
hydraulic 
diameter  
Dh [mm] 

Wall 
thickness 

[mm] 

Number 
of cells y-

axis [-] 

Number 
of cells z-

axis [-] 

Porosity 

  [-] 

1 500 9.4 9.5 9.45 0.4 5 7 0.91 
2 80 4.2 4.1 4.15 0.2 11 16 0.88 
3 200 15.6 15.6 15.6 0.5 3 4 0.89 
4 300 6.3 6.0 6.2 3.2 5 7 0.39 

 

For honeycomb 1, 2, and 4, measurements have been performed on a line in the streamwise 

direction in the middle of the wind tunnel behind the center line of the central honeycomb 

cell. To measure behind the center of a cell of honeycomb 3, an off-center position in the 

wind tunnel shifted by 8 mm in the y-direction has been selected. Honeycomb 3 has 6 

additional cells on both sides in the y-direction of 15.6 mm by 1.6 mm to fill up the empty 

spaces.  

 

2.1.2. Laser Doppler velocimetry (LDV) 
Laser Doppler velocimetry (LDV) was used to measure all three velocity components with an 

intrinsic inaccuracy in the measured velocity below 1%. The flow valves, used to control the 

volume flow and thus the velocity inside the wind tunnel, had another uncertainty of 3%. A 

2D TSI TR260 and a 1D TSI TR160 transceiver probe are used to obtain a simultaneous 3D 

velocity measurement. The laser source is a Spectra-Physics Stabilite 2017 argon-ion laser, 

with λ = 488.0 nm and λ = 514.5 nm, and a Genesis MX 532-1000 STM diode-pumped laser, 

with λ = 532.0 nm with a total power output of 7 W and 1 W, respectively. The received signal 

was processed by a TSI FSA4000 multibit digital burst correlator and processed by a software 

program of TSI, called FLowsizer. With the help of an xyz-translation stage from isel Germany 

AG, which had an accuracy of 10 μm, multiple point measurements could be performed 

automatically over the full length of the wind tunnel. The average valid data rate was around 
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2,000±1,000 Hz and using “coincidence” measurements were only valid if all three velocity 

components of the same particles were simultaneously measured. 

 

2.1.3. Definitions 
Due to different cross-sectional areas and the blocking effect of the honeycombs due to its 

porosity, the cross-sectional average velocity in the wind tunnel is not constant. During the 

experiments the cross-sectional average velocity in the top, middle and bottom channels was 

kept equal. Therefore, the following average velocities hold for all experiments, unless noted 

otherwise:  

 
1, 1, 1, 1, 1,

8

7
top middle bottom honeycomb mergedU U U U U= = = =  (1) 

Here 
1U  is the cross-sectional average velocity defined as the volumetric flow rate in the 

streamwise velocity component divided by the cross-section area at a specific position in 

the wind tunnel,   is the porosity of the honeycomb and the factor 8/7 takes into account 

the blockage of the splitter plates. The middle velocity represents the velocity in the 

incoming section in the middle of the wind tunnel without a honeycomb installed. The term 

1,honeycombU  represents the cross-sectional average velocity inside the honeycomb and 

1,mergedU  the cross-sectional average velocity in the section behind the honeycomb where the 

three channels are united. In this chapter the Reynolds numbers are based on a kinematic 

viscosity of nitrogen gas of 1.508±0.02·10-5 m2/s, which holds for an average temperature of 

the nitrogen gas of 18±2°C, the average velocity inside the honeycomb cell and its hydraulic 

diameter [35], unless noted otherwise. For the Strouhal number (St) the following equation 

was used: 

 
1

fL
St

U
=  (2) 

where f is the frequency of the vortex shedding and L is the characteristic length, which is in 

our case the thickness of the 5 mm thick splitter plate.  

 

The root mean square (RMS) for the velocity fluctuations of a velocity component, is 

denoted as ,j RMSu  in m/s and is defined as: 

 2

,

1
( - )

n
i

j RMS j j

i

u u u
n

=   (3) 

Where ju  is the average value of the velocity component and j=1,2,3 for the jth component 

of the velocity. 
i

ju  is the velocity component for that datapoint noted with i, and n is the 

total number of datapoints during a measurement [36]. 

 

In this chapter two different turbulence intensities are distinguished. One turbulence 

intensity (Ij) is based on a single velocity component, which we refer to as ‘individual 

turbulence intensity’. Here we denote the ‘individual turbulence intensity’ always with a 

subscript of the chosen velocity component and is calculated as: 
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,

1

j RMS

j

u
I

U
=  (4) 

The other is based on all three velocity components combined, which we refer to as 

‘turbulence intensity’ and is mostly used in this chapter [37]: 

 
( )2 2 2

1, 2, 3,

1

1

3
RMS RMS RMSu u u

I
U

+ +

=  (5) 

 

2.2. Results 
We started by measuring the free-stream flow upstream of the honeycomb. Next, we 

measured the merging of the flow profiles from the individual honeycomb cells and the two 

side channels for honeycomb 1. Here, we investigated how the mean velocity and the 

turbulence intensity develops in the streamwise velocity component. In some cases vortex 

shedding behind the 5 mm thick splitter plates occurs. In a next set of measurements, we 

determined the main frequency of the vortex shedding. Next the laminar-turbulent transition 

inside the honeycomb cells was explored. After this, we did measurements at the centerline 

of the honeycomb cell downstream of the wind tunnel. From these measurements we could 

compute the average velocity, individual turbulence intensity and turbulence intensity. Here 

honeycomb 1 was chosen as a reference measurement. Honeycomb 2 and 3 were used to 

measure the effect of a smaller and larger hydraulic diameter of the cell, respectively. With 

honeycomb 4 the effect of a larger wall thickness was measured. In the final section the 

coefficients of a turbulence decay power law have been determined.  

 

2.2.1. Free-stream flow 
To understand the free-stream flow upstream of the honeycomb and its effect, we have 

performed a measurement at 575 mm upstream of the exit of the honeycomb over the entire 

z-direction in the middle of the channel. Here only the middle channel could be measured 

due to blocking by the splitter plates in the wind tunnel. The results are displayed in figure 8 

and were carried out at a cross-sectional average velocity of 1.1 m/s, which with a hydraulic 

diameter of this channel of 58.3 mm results in a Reynolds number of 4297. The velocity profile 

is quite flat and somewhat asymmetric, and this indicates imperfect inlet conditions of the 

flow. In the calculation of the turbulence intensity, the cross-sectional average velocity of 1.1 

m/s in the middle channel was used. The results of the turbulence intensity show a steep rise 

close to the walls and are overall quite high. These signs indicate a turbulent flow upstream 

of the honeycomb. As most of our experiments were performed at inlet velocities above 1.1 

m/s, it can be concluded that they had a turbulent flow upstream of the honeycomb with a 

turbulence intensity level between 10% and 15%. These experimental results were also 

compared to a direct numerical simulation (DNS) with a fully developed flow and it can be 

seen that the results are in not agreement due to the fact that the flow in the experiments 

was not yet fully developed.  
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Figure 8: Results of measurements performed 575 mm upstream of the honeycomb. (a) Mean streamwise 
velocity profile and (b) turbulence intensity. 

 

2.2.2. Velocity profiles downstream of the honeycomb 
The flow profiles downstream of the honeycomb were investigated by measuring the velocity 

at 6 different positions downstream of honeycomb 1, namely at 5, 50, 100, 200, 500, and 

1000 mm as a function of the z-position in the middle of the wind tunnel. In figure 9 and figure 

10 the streamwise velocity component has been plotted for an average velocity behind the 

honeycomb of 1.0 m/s and 1.9 m/s, respectively. These velocities correspond to Reynolds 

numbers of 767 and 1534 based on the honeycomb cell diameter, and 4813 and 9627 based 

on the hydraulic diameter of the wind tunnel, respectively. At x=5 mm behind the 

honeycomb, the individual flow profiles of the 5 honeycomb cells and the top and bottom 

channel can clearly be distinguished. It can also be seen that the 5 mm splitter plates that 

separate the top, middle and bottom channel, cause a local slightly negative time-average 

streamwise velocity component, which is not seen behind the thinner walls of the honeycomb 

cells. It is noteworthy that the effect of the splitter plates starts to disappear already at 100 

mm downstream of the honeycomb, i.e. at 11 cell diameters, while the individual flow profiles 

coming out of the center of the honeycomb are still clearly visible. Further downstream the 

individual flow profiles merge into a turbulent duct flow, which seems to happen within 200 

mm, so 21 cell diameters for the 1.9 m/s experiment, and slightly further downstream for 1.0 

m/s. The velocity profiles at the end of the wind tunnel are in close agreement with a fully 

developed turbulent duct profile as can be seen from the comparison with the DNS results. 

 

(a) (b) 
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Figure 9: Velocity profiles in the streamwise velocity component at a cross-sectional average velocity of 1.0 m/s 
behind the honeycomb. 

 

 
Figure 10: Velocity profiles in the streamwise velocity component at a cross-sectional average velocity of 1.9 
m/s behind the honeycomb. 

 

The turbulence intensity calculated from the LDV data is shown in figure 11 and figure 12. Just 

behind the honeycomb at x=5 mm a turbulence intensity between 4% and 7% can be seen, 

which is low compared to the turbulence intensity observed upstream of the honeycomb. 

Because the Reynolds numbers based on the cell size are 767 and 1534 for figure 9 and figure 

10, respectively, the flow inside the honeycomb is laminar, and this level of velocity 

fluctuations is caused by instabilities of the control valves. Further downstream, at 50 mm 

behind the honeycomb, the turbulence intensity has increased to values between 20% and 
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40% behind the 5 mm splitter plate, which is due to vortex shedding triggered by the trailing 

edge of the splitter plates. At 100 mm behind the honeycomb the turbulence intensity has 

increased strongly at 1.9 m/s, but far less at 1.0 m/s. However, at 200 mm behind the 

honeycomb the turbulence intensity is higher for 1.0 m/s than for 1.9 m/s. We will show later 

that there is a clear maximum of the turbulence intensity at a specific distance downstream 

of the honeycomb, which occurs at 170 mm behind the honeycomb for 1.0 m/s and at 110 

mm behind the honeycomb for 1.9 m/s, respectively. At 500 mm and further downstream, 

the turbulence intensity is typical for a turbulent duct flow, where the turbulence intensity 

near the walls is higher than at the center. This is also shown in the DNS results that represent 

a fully developed flow for similar conditions as the wind tunnel. Here the turbulence intensity 

results at 1.9 m/s are in agreement when taking the noise into account, while for the 1.0 m/s 

the DNS results are lower when taking the noise into account. This could be a consequence 

of the flow that is not yet fully developed. 

 

 
Figure 11: Turbulence intensity at a cross-sectional average velocity of 1.0 m/s behind the honeycomb. 
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Figure 12: Turbulence intensity at a cross-sectional average velocity of 1.9 m/s behind the honeycomb. 

 

2.2.3. Vortex shedding frequency 
In the results given in the previous section, a temporal periodicity in the velocity fluctuations 

was noticed in the region behind the 5 mm splitter plate. In particular, we found that at the 

center of the 5 mm splitter plate between the top and middle channel and 40 mm 

downstream of the honeycomb, where we could measure with a high data rate, a specific 

frequency in the velocity components could be observed. This frequency can be attributed to 

vortex shedding. In order to investigate this further, we performed measurements with 

various velocities at this position. Two examples are shown in figure 13 to illustrate this 

behavior. To determine the most important frequencies in the measured data a Fast Fourier 

transform (FFT) was performed with the program Origin from OriginLab. In order to cope with 

the non-uniform time sampling of the LDV data, the data was first interpolated to obtain a 

data set with a constant time interval and after that the FFT was performed. 

 Vortex shedding by circular cylinders has been extensively investigated and reviewed by 

Williamson [38,39]. Williamson found that for a Reynolds number based on the cylinder 

diameter above 250, the vortex shedding Strouhal number (St) is approximately 0.2, while 

lower Reynolds numbers result in lower Strouhal numbers or no vortex shedding. Fey et al. 

[40] found similar results. Vortex shedding behind long plates with a square trailing edge has 

been investigated to a lesser extent than behind cylinders. Hollingdale [41] investigated 

analytically the stability of the flow behind the trailing edge of long plates and showed that 

an oscillating wake occurs at Reynolds numbers based on the plate thickness of approximately 

600 and above. However, this Reynolds number is based on the plate length. Taneda [42–45] 

carried out visualization studies using a similar definition of the Reynolds number. Sato et al. 

[46] investigated theoretically and experimentally the stability of thin flat plate wakes under 

unperturbed and dynamically perturbed conditions. In their case, 300 mm long plates were 

used that were between 0.1 and 3 mm thick. Sato et al. [46] computed a Strouhal number of 

approximately St=0.11-0.19 based on the thickness of the thick plate of 3 mm. For thin plates 

the value of St is much lower. More recently detailed studies of plate wakes were made by 
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Nakamura and Ohya [47,48], and very recently a literature review has been made by Rai 

[49,50]. These studies have shown that vortex shedding at the trailing edge is partially 

determined by vortex shedding at the leading edge, and that also the length to thickness ratio 

plays a role in the onset of vortex shedding. The lowest Strouhal numbers they observed are 

between 0.1 and 0.2 based on the plate thickness. Parker [51], Welsh [52] and Stokes [53] 

carried out research on vortex shedding behind ducts and parallel plates. In these geometries 

acoustic resonance occurs leading to specific modes of vortex shedding, which are often 

called ‘Parker modes’. Here, the Strouhal number based on the thickness of the plate is also 

in the range between 0.11 and 0.25. A review of all the work made in Parker’s group can be 

found in Parker [54]. 

 

 
Figure 13: Two examples of periodicity in the streamwise velocity behind the 5 mm splitter plate; (a) Re=74, (b) 
Re=737. 

 

 
Figure 14: Strouhal number plotted versus Reynolds number for the duct measurements. 

(a) (b) 
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In honeycomb 1 the plate length is approximately 1000 mm and the thickness of the wall 5 

mm, so the length to thickness ratio equals 200, which is much larger than in the cases 

investigated by Parker. For this ratio it can be expected that the flow inside the honeycomb 

cells is fully developed, so that this ratio does no longer play a role. Therefore, we will use the 

Strouhal number and the Reynolds number (Replate) based on the thickness of the plate and 

on the average velocity in the honeycomb cell. The Strouhal number is plotted in figure 14 as 

a function of the Reynolds number. At Reynolds numbers above 200 the Strouhal number is 

found to be close to 0.15, with a slightly increase for increasing Reynolds number, which 

agrees with literature. For Reynolds numbers below 200, if periodicity was found at all, 

resulted in a Strouhal number of the order of 0.03. 

 

2.2.4. Laminar–turbulent transition inside the honeycomb 
The Laminar–turbulent transition in honeycomb 1 was also explored. Here we performed 

measurements 5 mm downstream of the center of the middle honeycomb cell, while 

gradually increasing the velocity and thus increasing the Reynolds number. The results of this 

experiment are shown in figure 15. Figure 15a shows the ratio of the mean streamwise 

component of the measured velocity divided by the cross-sectional average velocity in a 

honeycomb cell. The maximum ratio we found was 1.99±0.08 at the lowest Reynolds numbers 

we considered, which is in agreement with Owolabi et al. [55] for a laminar flow and in our 

analytical results based on the work of Shah and London [56] we found a maximum 

dimensionless velocity of 2.11. The decreasing dimensionless velocity at higher Reynolds 

numbers could be the effect of mixing of the flows behind the honeycomb walls. The mean 

velocity in the other two velocity components were around 0±0.05 m/s as could be expected, 

and this was also the case in other experiments at the same position in the center of a 

honeycomb cell. In figure 15b the turbulence intensity shown is calculated from the same 

experiment as in figure 15a. The base level of the turbulence intensity is approximately 4%, 

which represents the finite noise due to the flow control valves of our set-up. The turbulence 

intensity remains steady until a Reynolds number of 1900 and from here starts increasing. 

Repeating the measurements between a Reynolds number of 1900 and 2700 gave rise to large 

variations in the results, which caused the rather large error bars and indicates the transition 

region. While the results at Reynolds numbers above 2700 showed a steady turbulence 

intensity above 11% and this indicated turbulent flow inside the honeycomb.  
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Figure 15: Dimensionless velocity (a) and turbulence intensity (b) plotted versus Reynolds number.  

 

The strongly fluctuating values in figure 15b indicate a galloping fluctuation which can be 

caused by continuous transition of laminar and turbulent flow states in some channels, 

leading to an unstable flow state. Although as hypothesis, we can interpret it that some 

honeycomb cells switch from a laminar to turbulent flow state by which the pressure drop 

over the whole honeycomb is affected. In that partially turbulent state more flow will go 

through the remaining (still) laminar honeycomb cells, and the rising flow in these channels 

will then induce transition in those channels. When the flow has become turbulent in all 

channels, the average flow speed in all channels is again below threshold and reverse 

transition to laminar flow occurs, and so on. So in effect the transition region should be 

avoided for stable operation of honeycomb flow straighteners. 

 

2.2.5. Velocity  
For the behavior of the flow behind the honeycombs, we first present the results of the 

developing velocities behind the honeycomb in figure 16. Here the dimensionless velocity in 

the streamwise direction is plotted at the center of the wind tunnel and made dimensionless 

by dividing by the cross-section average velocity downstream of the honeycomb. First the 

general trend will be discussed. Honeycomb 1 in figure 16a is to our opinion the most 

representative as it is sufficiently long and has a high porosity. At laminar flow (Re<2300) the 

trend in figure 16a shows that it takes approximately 15-25 dimensionless diameters to have 

a full decay of the flow profile, whereas at turbulent flow (Re>2300) the distance is much 

shorter, approximately 12-15 dimensionless diameters. This can be understood as turbulent 

flow leads to more severe mixing and dissipation of the individual flow profiles. For 

honeycomb 2 in figure 16b approximately 15 diameters are needed. For honeycomb 3 in 

figure 16c the dimensionless distance is approximately 12-15 diameters, the Re numbers here 

are above 2300. Honeycomb 4 is a special case as the porosity is much lower (0.39) than in 

the other cases (~0.90). For laminar flow a steep decay occurs over a distance of 12-15 

(a) (b) 
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diameters and it takes in total 25-40 diameters for the flow to fully even out. For turbulent 

flow there is a steep decay in the velocity over a distance of 8 diameters, and a total length 

of 40 diameters is needed to generate a constant flow velocity with respect to downstream 

distance. With honeycomb 4 specific effects occur as will be shown in the next section. 

Figure 16a shows the velocity for honeycomb 1 for values 767<Re<6136. Just behind the 

honeycomb this dimensionless velocity is at its maximum in all results and decays further 

away from the honeycomb. This is due to two effects. First of all measurements are made at 

the center of each honeycomb cell where the maximum velocity occurs. So downstream of 

the honeycomb the individual profiles will start to merge and lead to a decrease in velocity. 

A second reason for the decay is that downstream of the honeycomb the effective channel 

cross section area is larger due to the absence of the honeycomb as well as the separation 

plates between the honeycomb and the upper and lower parallel feed streams. If one closely 

inspects figure 16a it is clear that at x/D=0 the dimensionless velocity is 2.8 for Re=767 

whereas it gradually decreases to a value of 1.7 at Re=6136. The reason for this is twofold. At 

a Reynolds number of 767 the flow in the honeycomb cells is laminar and is of the Poiseuille 

type of flow for square channels. When the Re-number increases, the entrance length also 

increases, and the profile no longer becomes fully developed. At Re=1534 and 2301 the 

dimensionless velocity value at x/D=0 decreases to 2.4. Above Re=2300 the dimensionless 

velocity drops to approximately 1.7. This is in line with what would be expected for pipe flow 

when turbulent flow occurs. In order to interpret these values in terms of profiles measured 

in pipe flow, the dimensionless velocity values have to be recalculated in terms of the average 

velocity in the honeycomb itself. This means that the average streamwise velocity has to be 

corrected with the porosity and the wall thickness of the separation plates. Effectively for 

honeycomb 1 this means a correction factor of 0.79. The dimensionless velocity for Re=767 is 

thus 2.8*0.79=2.2, whereas the velocity for Re=4602 is approximately 1.34. For laminar pipe 

flow the ratio of maximum velocity and average velocity in square channels is approximately 

2.09 whereas for turbulent flow at Re=4000 it is approximately 1.32. So these corrected values 

are well in agreement with literature values. For honeycomb 2 shown in figure 16b the 

corrected dimensionless velocity values at x/D=0 are approximately 1.8 for laminar flow, 

which is lower than the literature value of 2.09 [56]. However this honeycomb is much 

shorter, and the flow is not fully developed yet. For honeycomb 3 in figure 16c similar 

reasoning applies. This honeycomb only has a length of 13 diameters and therefore does not 

yet have a fully developed flow, and most profiles are for Re numbers for turbulent flow. The 

dimensionless velocities are however above what one would expect for this honeycomb. For 

instance the dimensionless velocity at x/D=0 for Re=4641 is 1.56 whereas a value of 1.32 

should be expected. This trend holds for all measured curves and we think that the flow in 

this honeycomb is a developing laminar boundary layer flow where transition to turbulent 

pipe flow has not yet taken place. For honeycomb 4 in Figure 16d, the values at x/D=0 are 

much larger than the values in figure 16a, b, c, however here the porosity is much lower. If 

we recalculate the values in figure 16d, we have to correct the values with a factor 0.39 due 

to the low porosity of this honeycomb. For Re=822 the value of 6 at the axis crossing is now 

2.1, in agreement with laminar square pipe flow. At Re=1528 the corrected value is 1.90 due 

to not being fully developed. For the larger Re number the flow is turbulent, and the corrected 
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dimensionless values are approximately 1.4, well in agreement again with turbulent square 

pipe flow. 

 

  
 

 
Figure 16: Dimensionless velocity plotted as a function of the dimensionless distance for various Reynolds 
numbers inside the honeycomb; (a): honeycomb 1, (b): honeycomb 2, (c): honeycomb 3 and (d) honeycomb 4. 

 

2.2.6. Individual turbulence intensity 

Before analyzing the turbulence intensity, I, the three individual turbulence intensity 

components, I1,2,3, which can be measured simultaneously with the LDV setup, have been 

investigated. Figure 17 shows the components of the turbulence intensity as a function of 

x/Dh for two different honeycombs and Reynolds numbers. The results show that the 

contribution from the streamwise component is larger than the other two and that the three 

(a) (b) 

(c) (d) 



23 

 

 

 

components grow and decay in a similar way as a function of the distance from the 

honeycomb. These higher values of the individual turbulence intensity of the streamwise 

component could be explained by the limitations of the set-up, which has control valves that 

continuously adjust for the set velocity. Therefore, the velocity in the streamwise directions 

kept changing and this resulted in more velocity fluctuations in the streamwise direction. The 

two velocity components in the directions perpendicular to the streamwise velocity 

component are almost equal, which can be expected, as the cells of the honeycomb are 

almost square. This behavior was also observed at other Reynolds numbers than shown in 

figure 17 and in earlier work by Loehrke et al. [18,19] and Mikhailova [21]. Immediately 

downstream of the honeycomb, the turbulence level is between 2% and 8%, subsequently it 

starts growing until a maximum value is attained at approximately x/Dh=10. Further 

downstream the turbulence intensity decays to the level that corresponds to the noise caused 

by the valves. Due to the flanges between the wind tunnel sections, there are two regions 

70<x/Dh<100 for figure 16a and 30<x/Dh<45 for figure 16b where measurements are 

impossible. At larger downstream distances the turbulence intensity increases again, 

probably because of the developing turbulent duct flow of the wind tunnel side walls. 

 

 
Figure 17: Individual turbulence intensity for every velocity component and turbulence intensity plotted as a 
function of the dimensionless distance; (a) Re=1528 in honeycomb 2, (b) Re=2292 in honeycomb 1. 

 

2.2.7. Turbulence intensity 

In this section we will focus on the turbulence intensity, I, that is calculated with equation 5. 

In figure 18 the turbulence intensity measured at a line behind the center of the middle 

honeycomb cell is shown for various Reynolds numbers and the four honeycombs considered 

in this chapter. Some general observations can be made. The turbulence intensity directly 

behind the honeycomb is generally between 4% and 8%, where this level increases for 

Reynolds numbers above 2300, which can be attributed to the turbulence inside the 

honeycomb cells, but still is lower than the free-stream flow. Further downstream the 

individual flow profiles coming out of the honeycomb start mixing, and this generates 

(a) (b) 
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turbulence leading to a peak in the turbulence intensity. For honeycombs 1-3 the turbulence 

intensity decreases further downstream, and this decrease can be described by a power law 

as will be discussed in the next section. This indicates that the honeycombs both reduce and 

generate turbulence. In experiments with Reynolds numbers below 500 inside the 

honeycomb, this behavior was not observed for any of the honeycombs. The maximum value 

of the turbulence intensity occurs further downstream for lower Reynolds numbers. While 

this maximum seems to be much higher for laminar Reynolds numbers. For honeycomb 4 a 

different behavior can be observed as there is a secondary turbulence intensity peak at 

x/Dh=35 for the Reynolds numbers below 2000 and for Reynolds numbers above 2000 this 

turbulence intensity peak is found at x/Dh=50. This is caused by the relatively high difference 

in cross-section average velocity between the middle and top and bottom channel. Here the 

cross-section average velocities are the same for the three incoming channels when a 

honeycomb is absent. However honeycomb 4 with its low porosity of 0.39 makes the cross-

section average velocity in the middle channel to diverge by a factor of 2.6. This causes 

instabilities in the merging flow behind the honeycomb, which produces the second 

turbulence intensity peak. In future experiments with honeycomb 4 were we compensated 

for the velocity factor of 2.6, there was no second turbulence intensity peak observed. The 

turbulence intensity for honeycomb 4 also reaches values up to 80%, which were much higher 

than for the other honeycombs. This again was explained by the factor of 2.6 that decreases 

the relative cross-section average velocity behind the honeycombs that is used to calculate 

the turbulence intensity. 

 

For honeycombs 1-3 the turbulence intensity peak is attained at the same non-dimensional 

distance to the honeycomb if the Reynolds number is the same, which shows that similarity 

is present with the hydraulic diameter as length scale.  

 

 
  

(a) (b) 
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Figure 18: Turbulence intensity plotted as a function of the dimensionless distance for various Reynolds 
numbers inside the honeycomb; (a): honeycomb 1, (b): honeycomb 2, (c): honeycomb 3 and (d) honeycomb 4. 

 

The results of honeycomb 4 showed, with a second maximum turbulence intensity, an 

unexpected behavior, which we wanted to investigate further. The relative low porosity of 

  = 0.39 for this honeycomb resulted in a high difference of the cross-sectional average 

velocity between the honeycomb and the top and bottom wind tunnel sections as described 

by equation (1). Our hypothesis is that this second maximum turbulence intensity is created 

by this difference in velocity. Therefore we did additional experiments, where the velocity 

calculations of equation (1) no longer hold. To quantify the different velocities we defined the 

following equation: 

 1, 1,

1,

[%] *100%
top honeycomb

honeycomb

U U
d

U

−
=  (6) 

Here d quantifies the relative cross-sectional average velocity difference between the 

honeycomb velocity and the top/bottom cross-sectional average velocity. The velocity 

between the top and bottom is kept equal and therefore 1, 1,top bottomU U=  applies. The Reynolds 

number is still calculated with 1,honeycombU . In previous results of honeycomb 4, where the 

velocity was not adjusted, d resulted in -61.0%.  

In figure 19 we present the results where the honeycomb velocity was taken equal to the 

top/bottom channel and compared them with results where the velocity was taken as with 

previous experiments, for 3 different Reynolds numbers. The first maximum turbulence 

intensity for both the equalized flow and non-equalized flow remains at x/Dh ≈ 10, while the 

second maximum turbulence intensity for the equalized flows completely disappears. This 

results for the equalized flows to have a lower turbulence intensity at the end of our 

measurements at x/Dh = 90. Overall a lower turbulence was found for the equalized flows.  

 

(c) (d) 
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Figure 19: Turbulence intensity plotted as a function of the dimensionless distance for various Reynolds 
numbers inside honeycomb 4 with different top and bottom velocities. 

 

We then continued by investigating at which unequal flow quantity the second maximum 

turbulence intensity occurs for a Reynolds number of 1591. The results of this experiment can 

be found in figure 20. Here we found that the more equal the flows become, the lower the 

second maximum turbulence intensity becomes, while for unequal velocities between -10.9% 

till 22.3% the second maximum turbulence intensity completely disappears. For having a low 

turbulence intensity it is therefore important to equalize the incoming flows. 

 

 
Figure 20: Turbulence intensity plotted as a function of the dimensionless distance for a Reynolds numbers 
inside honeycomb 4 of 1591 with various top and bottom velocities. Here (a) displays results with a relative 
higher honeycomb velocity and (b) with a relative lower honeycomb velocity. 

 

  

(a) (b) 
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Figure 21: The maximum turbulence intensity position (a) and the maximum value of the turbulence intensity 
(b) plotted versus the Reynolds number, from our own experiments and other literature sources. All 
measurements are taken along the honeycomb cell centerline. 

 

As the turbulence behavior in the wake is very relevant for the application of honeycomb 

laminators in MDS, a further analysis of the LDV measurements was performed. The 

dimensionless position where the turbulence intensity peak occurs, as well as the level of 

turbulence have been studied as a function of the Reynolds number. In figure 21a the 

turbulence peak position is plotted as a function of the Reynolds number based on the 

hydraulic diameter. The blue circles represent our LDV measurements. The other symbols 

represent other measurements, some of which were made with particle image velocimetry 

(PIV) in our laboratory [57] and also along the honeycomb centerline. Subsequently 

measurements by Loehrke et al. [18,19] and by Mikhailova [21] have also been added. Above 

Re=3000, so in the turbulent regime, the maximum occurs close to the honeycomb and the 

position remains approximately constant at x/Dh=7. For decreasing Reynolds number, the 

peak shifts further downstream even up to x/Dh=22 for our LDV measurements. The position 

depends on the turbulent noise level of the set-up. The noise level of our set-up is in the range 

of 4-8%, whereas the PIV set-up by Thijs et al. [57] had a noise level of 1%. The results indicate 

that the increase in peak position for decreasing Reynolds number is larger for the lower noise 

level. For Re<600 it becomes more difficult to observe a turbulence intensity peak as will be 

shown in figure 21b. The turbulence downstream of the honeycombs is strongly related to 

the wake instability behind the individual honeycomb cell walls. The wall thickness t is a factor 

25 smaller than the diameter, which means that the Reynolds number based on the wall 

thickness Ret is also a factor 25 smaller than Red. So, a Reynolds number in figure 16 of 

approximately 500 indicates that Ret=20, and knowledge from cylinder wakes shows that no 

vortex shedding occurs below this value. In agreement with this, we did not detect any 

turbulence peak below Re=500. 

Figure 21b shows the maximum turbulence intensity as a function of the Reynolds number. 

At large Reynolds numbers the values measured in our set up are approximately 10-20%, and 

(a) (b) 
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they are up to 30% in the region where the transition to turbulence in the honeycomb cells 

occurs. At lower Reynolds numbers from Re=1000 down to Re=500 the maximum turbulence 

intensity decreases again. There is scatter in the data due to wind tunnel related issues. The 

PIV measurements by Thijs et al. [57] generally result in 50% lower maximum turbulence 

intensity. 

 

2.2.8. Turbulence decay power law 

The determination of the point where the turbulence intensity reaches its maximum value, 

gives a first indication of how the turbulence intensity downstream of the honeycomb 

behaves. A second important question is how the turbulence intensity decays further 

downstream of this maximum. In order to describe this decay, we follow the methods that 

are used for the analysis of turbulence generated by grids. Some landmark papers in this field 

were published by Batchelor and Townsend [58], and by Comte-Bellot and Corrsin [59]. 

Review papers that describe the decay behavior in detail and explore methods to fit this are 

Mohamed and LaRue [60], Kurian and Fransson [61] and Isaza et al. [62]. In these papers a 

turbulence decay power law was used to fit the results and describe the turbulence intensity 

downstream of the honeycomb. Based on those methods we use the following expression to 

describe the turbulence intensity downstream of a honeycomb: 
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with p the decay exponent, A the decay coefficient, x0/Dh a virtual origin and N the noise level, 

which are all dimensionless quantities. Compared to the papers mentioned above, the noise 

level was added to counter the effect of the changing volumetric flow in our experiments and 

to take into account the free-stream turbulence in case the flow far downstream in the 

channel is turbulent. The value of the noise is therefore similar to the minimal turbulence 

intensity. In equation 6 the fitting to the datapoints was carried out with a nonlinear least 

squares method, in which A, p, x0, and N are parameters to be determined by the method.  

Mohamed and LaRue [60] showed that the value of the virtual origin has a significant effect 

on the decay exponent. Therefore, they added an additional criterion, and found that x0=0 in 

the case of grid generated turbulence. With the use of this criterion, they found a decay 

exponent of p=-1.3. Kurian and Fransson [61] and Isaza et al. [62], also used this criterion for 

the virtual origin, and found a decay exponent of around p=-1.4 and p=-1.3, respectively. 

Isaza et al. [62] showed that there are two different decay regions. The region close to the 

grid is called the near-field and departs from the classical turbulence decay in the far-field. In 

the near-field region, the turbulence decays faster with p=-1.9 than in the far-field region with 

p=-1.34. They stated that the near-field region starts where the flow becomes nearly Gaussian 

and isotropic, while the end of the near-field region is not well defined. Mohamed and LaRue 

[60] and Kurian and Fransson [61] performed their measurements in the far-field region and 

found decay exponents close to the one found by Isaza et al. [62] in this region.  

While in the case of grid generated turbulence the grid can be considered as a point source, 

this is not the case for honeycombs. Therefore, setting the virtual origin to zero is not 

necessarily correct, which can also be seen from figure 21a. Thijs et al. [57] carried out many 

PIV measurements with honeycomb 1 and proposed to set x0 equal to the position where the 



29 

 

 

 

production rate of the turbulence kinetic energy reaches its maximum. In the work of Thijs et 

al. fits were performed on numerical and experimental data for Reynolds numbers between 

1100 and 7400. There it was found that for the experimental results the near-field decays 

with p=-2.25 and the far-field with p=-1.16. 

Since our LDV data are not sufficient to accurately determine the production rate of the 

turbulence kinetic energy, a different approach is used in this work. Instead of fixing the 

virtual origin to a certain value and finding the decay exponent, the reverse is done. 

Combining the work from Isaza et al. [62] and Thijs et al. [57], it is known that the near-field 

decays with p≈-2. This decay exponent is used in the near-field to find a value of the virtual 

origin from the least-squares fit. This virtual origin is subsequently used to find the decay 

exponent in the far-field region. Most of the measurements are reliable up to x/Dh = 30-50, 

which is a rather small region in comparison to the data sets that were used by Isaza et al. 

[62]. Therefore, first the existence of the near-field region and far-field region will be shown. 

After that Reynolds number dependent fit parameters for different honeycombs in the near-

field region will be discussed. 

 

2.2.8.1. Decay in Near-field region and far-field region 
In this section first the existence of the near-field and far-field regions will be shown for 

honeycomb 2. This honeycomb is chosen, since due to the small hydraulic diameter the 

results are reliable up to around x/Dh = 70. Figure 22 shows I2-N2 as a function of x/Dh for 

Reynolds numbers 764 and 1528. The peak positions of the turbulence intensity are 

respectively x/Dh = 9 and x/Dh = 10. In both cases two different decay regions can be 

distinguished, where the decay transition is indicated by the dashed line and located at 

around x/Dh = 30. Upstream of the dashed line the turbulence intensity decays faster than 

downstream. This indicates that the far-field region starts at around x/Dh = 30. 

 

 
Figure 22: Streamwise evolution of the turbulence intensity squared for a Reynolds number of 764 (a) and 1528 
(b). The noise squared is subtracted to compensate for the system induced noise. 

 

(a) (b) 
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As stated by Isaza et al. [62] the near-field starts where the flow becomes nearly Gaussian and 

isotropic. The anisotropy of a flow can be quantified via 1, 3,/RMS RMSu u , which should be equal 

to 1 for an isotropic flow. Figure 23 shows 1, 3,/RMS RMSu u  as a function of x/Dh for the same 

two Reynolds numbers. Just behind the honeycomb the flow is highly anisotropic with values 

of 1, 3,/RMS RMSu u equal to 4. In the case of Re=764, 1, 3,/RMS RMSu u =1.3 if x/Dh > 19. In the higher 

Reynolds number case, a similar value is already found at the turbulence intensity peak. 

Downstream of this peak and if x/Dh < 25, 1, 3,/RMS RMSu u  fluctuates around 1.2, which indicates 

that the flow is nearly isotropic. If x/Dh > 25, 1, 3,/RMS RMSu u  increases again towards a value of 

around 1.5. This value of around 1.5 could be caused by the two side channels above and 

below the honeycomb, that caused to be an additional turbulence source. 

 

 

Figure 23: Streamwise evolution of 1, 3,/RMS RMSu u  for (a) Re = 764 and (b) Re = 1528. Upstream of the 

turbulence intensity peak the flow is highly anisotropic and becomes nearly isotropic further downstream. 

 

Another method to quantify the level of isotropy in turbulence is by the skewness of the 

velocity fluctuation distribution. A non-zero skewness indicates a probability density function 

(PDF) which is skewed or asymmetric around the mean value. In the case of isotropic flow, 

the skewness equals zero. The skewness is defined as: 
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In addition to the skewness, also the kurtosis describes a property of the shape of the PDF. 

For a normal or Gaussian distribution of the velocity fluctuations, a kurtosis of around 3 is 

found. The kurtosis is defined as:  

(a) (b) 
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Figure 24 shows the skewness of the streamwise (
'

1u ) and vertical (
'

3u ) velocity fluctuations. 

For both Reynolds numbers S(
'

ju ) is negative upstream of the turbulence intensity peak, 

which implies that the median of 
'

ju  is larger than 0. Downstream of the peak the skewness 

of the streamwise velocity fluctuations overshoots zero and then remains constant at S(
'

ju

)=0. The skewness of the vertical velocity fluctuations shows a different behavior. Upstream 

of the turbulence intensity peak S(
'

2u ) is positive and further downstream it fluctuates around 

zero. 

 

 

Figure 24: Streamwise evolution of the skewness of the velocity fluctuations with (a) the streamwise (
'

1u ) 

velocity fluctuations and (b) the vertical (
'

2u ) velocity fluctuations. 

 

Figure 25 shows the kurtosis of the streamwise (
'

1u ) and vertical (
'

2u ) velocity fluctuations. 

For both Reynolds numbers upstream of the turbulence intensity peak, the kurtosis is clearly 

larger than 3. At the position of the turbulence intensity peak a value smaller than 3 is 

obtained which remains constant at K(
'

1u )=3 if x/Dh > 14. The kurtosis of the vertical velocity 

fluctuations K(
'

2u ) shows the same behavior. However, downstream of the turbulence 

intensity peak the kurtosis for Re = 764 is around 3.3 until x/Dh = 27. The kurtosis slightly 

increases downstream x/Dh = 50. 

 

  

(a) (b) 
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Figure 25: Streamwise evolution of the kurtosis of the velocity fluctuations with (a) the streamwise (
'

1u ) 

velocity fluctuations and (b) the vertical (
'

2u ) velocity fluctuations. 

 

The results shown in figure 25 are in line with what is observed in grid turbulence by 

Mohamed and LaRue [60], and by Isaza et al. [62]. Downstream of the turbulence intensity 

peak the flow becomes nearly isotropic and Gaussian. Since for this honeycomb and Reynolds 

number combination only point measurements are performed at the center of the channel, 

it is not possible to address the homogeneity of the flow downstream of the honeycomb. 

However, it still can be concluded that for both Reynolds numbers the near-field region starts 

around x/Dh=14, since here the flow becomes more or less Gaussian. 

Now the power law of equation 6 is fitted in both the near-field and far-field region. As 

discussed before the near-field decay exponent will be fixed at p=-2. From this fit the virtual 

origin is found which then will be fixed to find the far-field decay exponent. The noise N  

results from fitting the near-field region and is also fixed for the far-field region. Figure 26 

shows the streamwise evolution of I2-N2. The dashed line indicates the near-field region and 

the solid line the far-field region. The fit parameters corresponding to both regions are given 

in table 2. For both Reynolds numbers a virtual origin is found just upstream of the turbulence 

intensity peak and a far-field decay exponent is found of around p=-1.25. This decay exponent 

is close to the one found by Isaza et al. [62] and by Thijs et al. [57]. 

 

  

(a) (b) 
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Figure 26: Streamwise evolution of I2-N2 for a Reynolds number of (a) 764 and (b) 1528 with honeycomb 2. The 
dashed line indicates the fit in the near-field region and the solid line the fit in the far-field region. 

 
Table 2: Power-law fit parameters for honeycomb 2. 

Reynolds number region p A Xo/Dh N 

764 Near-field -2 2.05 4.3 0.025 
764 Far-field -1.27 0.17 4.3 0.025 

1528 Near-field -2 0.73 7.5 0.025 
1528 Far-field -1.30 0.10 7.5 0.025 

 

2.2.8.2. Different honeycombs and Reynolds numbers 

As shown in section 3.8.1, in the wake of a honeycomb a near-field region and a far-field 

region can be distinguished. Since our set up does only allow measurements up to x/Dh=30-

50, the far-field region could not always be captured. Therefore, in this section only the effect 

of honeycomb size and Reynolds number on the near-field region will be investigated. As 

explained above, the decay exponent is fixed at p=-2 in the procedure to determine the 

parameters in the decay law and in this way we find the dependence of the virtual origin on 

Reynolds number and honeycomb size.  

Mohamed and LaRue [60] described that for a valid fit the fit parameters must stay constant 

when changing the fit range. We changed the fit range by varying the starting position of each 

fit and in this way obtained fit parameters which are independent of the fit region. From this 

procedure also the error bars in the fit parameters have been obtained. Figure 27 shows the 

virtual origin (x0/Dh) and decay coefficient (A) as functions of the Reynolds number for 

honeycomb 1, 2 and 3. There is a clear trend visible for the virtual origin as a function of the 

Reynolds number that is independent of the used honeycomb. For Reynolds numbers below 

5000, x0/Dh decreases for increasing Reynolds number from a value of approximately 12 for 

Re=500 to a value of -5 for Re=4000. This behavior is roughly in agreement with figure 21a 

that was based on the position of the maximum turbulence intensity along the honeycomb 

cell centerline. For Reynolds numbers above 2000, x0/Dh fluctuates between -5 and 0, which 

(a) (b) 
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is in agreement with Mohamed and LaRue [60] and with figure 21a. For the decay coefficient 

A, however, there is no clear trend while it varies between 0.5 and 2.5. The results around 

Re=2000 suggest a decay coefficient of around 0.8. At Reynolds numbers between 3000 and 

9000 an average value of A=1.4 is found. The decay coefficients obtained in this research are 

larger than those found by Thijs et al. [57], who obtained approximately A=0.35 and noise 

levels of N=1.5%. The noise level in the current work was also fitted and was found to be 

4±2%. More detailed investigations are needed to obtain more precise values, but the results 

suggest that the larger noise of the present set up leads to a higher decay coefficient. 

 

 
Figure 27: Results of the fit with equation 6 for (a) the virtual origin (x0/Dh) and (b) decay coefficient (A) plotted 
versus the Reynolds number. 

 

The data in figure 27 suggests that a flow rate corresponding to approximately Re=2300, so 

just below the full turbulence transition, results in the fastest decay of turbulence 

fluctuations. Furthermore, the decay behavior of honeycomb wake turbulence is very similar 

to grid turbulence decay. For grid turbulence the following analysis of the decay can be made. 

If we set x0=0, p=2, and disregard noise, it is straightforward to show that the velocity 

fluctuations are given in dimensional form by: 
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Thus, the amplitude of the velocity fluctuation is inversely proportional to the distance to the 

honeycomb. So at x=50Dh the turbulence intensity has dropped to 2%, however, the effective 

transport due to the turbulent fluctuations scales also with U1. To obtain low fluctuations 

downstream the honeycomb, a large cell size and a large free-stream velocity are both 

unfavorable. If we assume a characteristic timescale, , in the process, we find for the 

travelled distance z at the specific location due to turbulent fluctuations: 
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The timescale together with the dimensionless distance and average speed in the MDS system 

will then determine z. In this way, the dimensions and operating velocity of an MDS machine 

can be calculated.  

 

2.3. Conclusion 
We have designed and constructed a small wind tunnel set-up to measure the turbulent flow 

properties in the wake of a honeycomb system. The wind tunnel set-up matches the geometry 

and Reynolds numbers of a real MDS system, and thus the flow is a good representation of 

flow in a real MDS system. 

With laser Doppler velocimetry (LDV) the z-depended flow profile and turbulence intensity 

were measured at two Reynolds numbers, 767 and 1534, at fixed downstream positions. 

Within about 10-15 dimensionless distances downstream the individual flow profiles merge 

to a uniform channel profile. The turbulence levels show an increase after 10-15 

dimensionless diameters, and a decay further downstream. The profile at 100 distances 

downstream approaches the DNS numerical profile for turbulent channel flow, and the 

turbulence intensity is reasonably in agreement with the DNS intensity profile. For the 

measurements behind the splitter plates a Strouhal number value of 0.15 was found for 

Reynolds numbers above 200 and below that Reynolds number, if at all a Strouhal number 

could be found it was below 0.03. 

The influence of the Reynolds number on the turbulence intensity was measured directly 

downstream of the honeycomb, and in the range from Re=1700-2400 large velocity 

oscillations are observed due to transitional flow. 

Measurements on the center line of a cell in downstream direction shows for the average 

velocity a decay to a constant velocity after approximately 20 cell diameters for Re<2000 

(laminar cell flow) whereas for turbulent flow at Re>2300 the decay occurs after 5-10 cell 

diameters. Detailed behavior depends on the porosity of the honeycomb. 

The turbulence intensity measured along the centerline shows a peak with intensity levels of 

even 30% at a characteristic distance between 5 and 20 dimensionless distances downstream 

of the honeycomb. There is a clear trend that the lower the Reynolds number, the further 

downstream the turbulence intensity peak occurs. Honeycombs both reduce and generate 

turbulence. 

Merging flows with a different cross-sectional average velocity of >10%, create a higher 

turbulence intensity and a second maximum turbulence intensity. 

Power law fits for the turbulence intensity in the so-called near wake for 0<x/Dh<40 show that 

the turbulence intensity follows the following behavior: 
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, with p-2, 

and A1. This formula gives an estimation of the turbulence decay in the wake. 

The far wake field of decay of turbulence was observed to start at approximately x/Dh=40. 

The turbulence decay goes slower with an exponent p-1.3. The detailed behavior could not 

be explored for distances larger than x/Dh=65. 

Detailed analysis of the parameter x0/Dh (the so-called offset parameter) is plotted as a 

function of Reynolds number in figure 27, and shows a similar trend as the peak position, 

namely that the offset increases at decreasing Reynolds numbers. The fit parameter A is 
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roughly constant for Reynolds numbers between 1500 and 10000 with a value of 10.5, while 

the noise was found to be 4±2% for all experiments. 

In conclusion to have a short and a low turbulence intensity downstream the honeycomb, the 

honeycomb should have thin walls and the honeycomb cells should preferably have a small 

hydraulic diameter, while maintaining a Reynolds number below 2000 and avoiding the 

transition zone. 
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3. Turbulence decay rate in the single wind tunnel 
 

The results of the turbulence intensity in a wind tunnel measured with LDV were presented 

in the previous chapter. Similar experiments have been performed with a different measuring 

technique, particle image velocimetry (PIV). The wind tunnel that was used for the 

experiments in this chapter is different, but the same honeycombs could be installed.  

In this chapter the results of the wind tunnel with PIV and the results of numerical simulations 

of the flow in this wind tunnel will be discussed. This also includes the work of the following 

students who performed experiments in this wind tunnel: Leon Thijs [63], Lars Wienholts [64], 

Emiel Teeven [65], Pim Simons [66], Jaro Fransen [67] and Nick Schipper [68]. A part of the 

work presented in this chapter has been published by Thijs et al. [57].  

 

3.1. Experimental set-up 
As mentioned in the introduction, this PIV set-up has similarities with our LDV set-up 

explained in the previous chapter. However for clarification, we will explain the entire set-up 

in this section. In figure 28 a picture can be seen of the wind tunnel and the set-up. In this 

figure the inlet of the wind tunnel is located on the right, with the flow moving to the left. 

 

 
Figure 28: PIV set-up; with the laser, wind tunnel and camera displayed.  

 

The wind tunnel consists of a single channel divided into four compartments that can be 

exchanged and is made of Perspex. This is a transparent material as needed for the PIV 

measurements. The total length of the wind tunnel is around 2 m and has a rectangular shape 

with an internal size of 69.6 x 49.4 mm2. This allowed us to use the same honeycombs as in 
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the set-up described in the previous chapter. However we chose to only use honeycomb 1 in 

this set-up. 

 

We will explain the wind tunnel step by step while following the flow through the wind tunnel. 

At the inlet of the wind tunnel a filter cloth is mounted to prevent unwanted dust particles 

from entering the wind tunnel. The inlet consists of a contraction with rounded inlet edges. 

Just downstream of the contraction, seeding particles are added to the flow by means of an 

in-house made tube with holes. A Palas AGF 2.0 aerosol generator powered by nitrogen gas 

pressure was used to generate the seeding particles. The particles are made of Di-Ethyl-Hexyl-

Sebacate (DEHS). DEHS is an oily odorless and colorless liquid, which is non-toxic and suitable 

for steady aerosols as it has a low evaporation rate. Behind the particle inlet a static mixer, 

displayed in figure 29, is installed to get a homogeneous distribution of the tracer particles. 

This static mixer is made of 6 rows of pipes, that gradually increase in number and decrease 

in diameter from 15 mm to 3 mm. The mixer spreads the tracer particles uniformly over the 

cross section of the wind tunnel. 

 

 
Figure 29: Static mixer with (a) the inlet and (b) the outlet of the flow. 

 

Honeycomb 1 is placed downstream of the static mixer and has a length of 500 mm, a cell size 

of 9.5 x 9.4 mm2, which results in a cell hydraulic diameter of 9.45 mm, a wall thickness of 0.4 

mm and a porosity of 0.91. These dimensions can be seen in figure 30, which also shows the 

placement of the laser sheet which is aligned at the center of the wind tunnel in lateral 

direction and is in a plane parallel to the streamwise and vertical directions and located 

downstream of the honeycomb. In the figure also the chosen coordinate system can be seen, 

with the x-direction the streamwise direction, y the horizontal wall-normal direction and z the 

vertical direction. 

 

  

(a) (b) 
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Figure 30: Honeycomb 1 dimensions and placement of the laser sheet, with (a) the cross-sectional view and (b) 
the side view. 

 

At the downstream exit of the wind tunnel a fan is installed to create the air flow inside the 

wind tunnel. This was done with an Eco Design 2009/125/EG fan with a variable speed drive, 

which resulted in a relatively low background noise with a turbulence intensity of 1%. For 

controlling the flow velocity we used an IRIS-80 damper that is installed at the exit tube, 

together with the adjustable speed drive of the fan. 

 

3.1.1. Particle image velocimetry (PIV) 
Particle image velocimetry (PIV) was chosen as measurement technique for our experiments. 

This technique makes it is possible to visualize the flow and obtain 2D velocity image fields 

with planar PIV or 3D fields with stereo PIV. In our research 2D planar PIV was used. 

Measurements were performed downstream of the honeycomb section, over a length of 

approximately 1 m. 

The PIV part of the set-up uses a double pulsed Nd:YAG laser. This laser has a maximum 

frequency of 15 Hz and the laser light has a wavelength of 532 nm. The laser cavities were 

degrading due to aging and had a maximum measured power of 35 mJ and 32 mJ, where 

originally this was 50 mJ according to the specifications. In front of the laser a diverging lens 

is installed with a divergence angle of 10°, which creates a laser sheet thickness of around 585 

μm. Underneath the wind tunnel a mirror is placed at an angle of 45° to reflect the laser sheet 

from a horizontal direction to a vertical direction. In this way a laser sheet in the streamwise 

direction is created with the field of imaging in the wind tunnel of 60 x 49.4 mm2. 

The camera that was used is a 5.5 megapixels sCMOS camera from LaVision, with a minimum 

interframe time of 120 ns. Laser, camera and optics are stationed on a rail traverse which is 

placed parallel to the wind tunnel and can be moved in the same direction. A timing unit is 

used to control the timing of the capturing of a frame by the camera and the firing of a laser 

burst. Subsequently this time unit is controlled by a computer with the program DaVis 10.1.0 

from LaVision. This program makes it possible to grab image-pairs and process these to obtain 

vector fields as can be seen in figure 31. An optimization study [63] where the effect of the 

size on the turbulence intensity results was investigated in detail, showed that an 

interrogation window of 32 pixels with an overlap of 75% results in the most accurate PIV 

results. It was also found that a maximum pixel displacement between 6-8 pixels leads to the 

most reliable results, which is in agreement with the manual of Davis [69]. In all further PIV 

                            (a) (b) 
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experiments these settings are applied. The vector fields that are calculated by DaVis can be 

further processed in MATLAB with the PivMat 4.0.1 toolbox. 

 

The turbulence intensity is normally calculated with the root mean square (RMS) of all three 

velocity components as described by the middle part of the equation below. This is also the 

method applied for the numerical results. However, in our 2D PIV measurements the velocity 

component in the y-direction is unknown. In the previous chapter the LDV results indicated 

that the velocity and RMS in the z-direction are close to those in the y-direction. We therefore 

assume that they are equal, and this results in the following expression on the right-hand 

sight of equation (12) to calculate the turbulence intensity from the experiments: 
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where ,j RMSu  is the RMS of the velocity component j=1,2,3 and 
1U  is the cross-sectional 

average velocity in the streamwise direction. 

The Reynolds number is defined as: 

 1,
Re

hc hU D


=  (13) 

with 1,hcU the cross-sectional average velocity inside the honeycomb, 
hD the hydraulic 

diameter of a honeycomb cell and   the kinematic viscosity of air at the temperature at which 

the measurements have been performed. 

 

An example of a single image of the tracer particles taken by the camera can be seen in figure 

31. This image has an even distribution of tracer particles with a sharp distinction. This is 

needed to enable a correct post-processing of the images. The top and bottom of the wind 

tunnel are clearly visible since the Perspex scatters some of the light. 
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Figure 31: On the left a snapshot of the intensity of a recorded frame in the program DaVis and on the right a 
magnified version.  

 

Two single images of the tracer particles shortly taken between each other are called an image 

pair. From such an image pair it is possible to calculate the velocity of the tracer particles. This 

results in the images shown in figure 32, where so far no further post-processing was 

performed, such as a local median filter. Figure 32a shows symmetric layers of high and low 

velocity directly downstream of the honeycomb, as can be expected in a laminar flow leaving 

a duct. In figure 32b, which is taken some 12 dimensional duct diameters downstream, the 

symmetry in the flow breaks up, due to instabilities and growth of discrete vortices. 

 

 
Figure 32: Two post-processed images of the instantaneous velocity field for a cell Reynolds number of 1890, at 
two different distances from the honeycomb, with the flow direction going from the left to the right. 

 

(a) (b) 

(a) (b) 
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From the measured instantaneous velocity fields we can compute the average velocity field 

and the turbulence intensity field. We used 400 image pairs to determine the average velocity 

and turbulence intensity. The measurement uncertainty of the RMS was calculated with the 

95% confidence interval assumption by Benedict and Gould [70] and resulted in a relative 

error of 6.9%. To obtain coverage of the whole wake of the honeycomb over a large 

downstream distance, we translate the camera and laser system simultaneously. By using 

translations over 50 mm which result in an overlap of two images (so called stacking), it is 

possible to combine multiple results in one average velocity field and turbulence intensity 

field. The result of this can be seen in figure 33, with the dotted lines indicating the border 

between every translation. 

 

 
Figure 33: Average velocity (a) and turbulence intensity (b) for the complete wake of the honeycomb.  

 

Figure 33a shows that the individual flow profiles created by the individual honeycomb cells 

gradually disappear after 160 mm or 18 dimensional cell diameters. In figure 33b it is shown 

that directly downstream of the honeycomb the turbulence intensity is below 2% and that it 

increases steeply around 150 mm distance. Further downstream the intensity decays again. 

The behavior of this peak in turbulence intensity was already explored in the previous chapter 

and will be further investigated in this chapter. 

 

3.2. Numerical model  
A direct numerical simulation (DNS) method was used to solve the fluid motion behind the 

honeycomb. The Navier-Stokes equation and the continuity equation for incompressible flow 

are solved in non-dimensional form. In figure 34 the numerical domain is presented, with L, 

being half the height of the channel. An important difference with the experimental wind 

tunnel is the use of conveyer belts that move with a speed equal to the average velocity of 

the flow, just as in the MDS machine. For more details we refer to the literature [57,63,71]. 

 

(a) (b) 
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Figure 34: Coordinate system of the numerical domain, with the periodic boundary conditions in the 
streamwise (x) and spanwise (y) directions. 

 

The initial conditions for the model of a laminar flow coming out of the honeycomb can be 

seen in figure 35. The honeycomb consists of equal rectangular ducts. The velocity profile for 

laminar flow in a rectangular duct can be calculated analytically, but we use an approximation 

developed by Shah and London [56], given by: 

 
1 1

( , ) 1 1

n m
m n z y

u y z U
m n b n

   + +      
= − −         

            
 (14) 

with m  and n  functions of the aspect ratio that is defined as: 

 * 2

2

a

b
 = . (15) 

Here a and b present the long and short side length of the rectangular duct, respectively, and 
m is defined as: 

 ( )
1.4

*1.7 0.5m 
−

= + . (16) 

If * 1/ 3  , then n  equals 2, otherwise: 

 
* 1

3
2 0.3( )n = + − . (17) 

In order to enable simulation of growing instabilities behind the honeycomb, disturbances 

should be added to the laminar solution. These disturbances are extracted from PIV results. 

In this procedure we assume that the disturbances in y- and z-direction behave in the same 

way, to account for the limitations of the 2D planar PIV. 
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Figure 35: Numerical solution of the velocity downstream of the honeycomb for a laminar honeycomb flow with 
a honeycomb cell Reynolds number of 1190. Here (a) presents the cross-section view and (b) the side view. 

 

The turbulent flow in the honeycomb cells is extracted from a DNS of a fully-developed 

turbulent duct flow. For each Reynolds number a new DNS is performed by solving the 

Navier–Stokes equations and the continuity equation for incompressible flow in non-

dimensional form. The individual ducts are slightly shifted in the streamwise direction to 

create a certain randomness from duct to duct. In figure 36 such an initial condition for 

turbulent flow in the honeycomb cells can be seen for a honeycomb cell Reynolds number of 

7400. 

 

 
Figure 36: Numerical solution of the velocity downstream of the honeycomb for a turbulent honeycomb flow 
with a honeycomb cell Reynolds number of 7400. Here (a) presents the cross-section view and (b) the side view. 

 

(a) (b) 

(a) (b) 
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The profiles of figure 35 and figure 36 are used as the initial conditions for the simulations. 

The flow is computed as a function of time. For comparison with the experimental results, 

time is translated to distance downstream of the honeycomb by means of the velocity 

averaged over the cross section. Details of the procedure can be found in Thijs [63]. 

 

3.3. Experimental results 
In this section we present the PIV results of both the average velocity and the turbulence 

intensity. First the velocity of the entire planar field for 6 different honeycomb cell Reynolds 

numbers is discussed, followed by the velocity at the centerline of the wind tunnel and the 

velocity directly behind a honeycomb cell. After this we focus on the turbulence intensity and 

present the turbulence intensity of the entire planar field and at the centerline of the wind 

tunnel.  

 

3.3.1. Velocity 
In figure 37 the PIV velocity results can be found for various honeycomb cell Reynolds 

numbers. Here the velocity is divided by the cross-sectional average velocity to make it 

dimensionless and to easily compare the various results with each other. The 5 individual 

velocity profiles emerging from the 5 honeycomb cells can clearly be distinguished due to the 

much higher velocity. The length at which the individual velocity profiles merge becomes 

shorter as the Reynolds number increases. This indicates that the individual velocity profiles 

start mixing closer to the honeycomb as the Reynolds number increases and this also results 

in a homogeneous flow profile closer to the honeycomb. At Re=3230, the upper and lower 

honeycomb cell show a different and more turbulent velocity profile than the three 

honeycomb cells in the center. This can be explained by the intermittent behavior of the flow. 

The Reynolds number is well above 2300 so the flow in the individual cells could be turbulent, 

leading to a shorter merging distance behind the honeycomb. 
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Figure 37: Planar PIV average velocity fields downstream of the honeycomb for different honeycomb cell 
Reynolds numbers, with the flow direction going from the left to the right. 

 

At very high Reynolds numbers merging takes place at a distance of 4 Dh due to the fully 

turbulent flow in the cells. 

From the results of figure 37 and other similar experiments at different cell Reynolds 

numbers, we extracted the dimensionless velocity along the centerline, and this results in 

figure 38. The velocity is made dimensionless by dividing it by the cross-sectional average 

velocity. Here we can clearly see the effect of the Reynolds number. The lower the cell 

Reynolds number, the further away the individual velocity profiles merge into a uniform flow. 

This is due to the delayed instability and mixing at low Reynolds numbers. In the results also 

gaps can be seen, which are a result of the limitations of the set-up, where it is not possible 

to measure between the honeycomb sections. Relevant to mention here is the velocity 

magnitude u/Uav at x/Dh = 0. For laminar flow inside the honeycomb cells a value of 2.09 

should be expected, which holds approximately. At increasing Reynolds number the velocity 

ratio at x/Dh =0 decreases. For laminar flow this is due to the entrance length of the ducts 

which increases substantially leading to a lower ratio of u/Uav. When the flow is fully turbulent 

the ratio drops below 1.4, which is in agreement with the scientific literature. 
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Figure 38: Average dimensionless velocity at the centerline of the wind tunnel for different honeycomb cell 
Reynolds numbers. 

 

We also investigated the flow profiles directly behind a honeycomb cell. The results of this 

can be found in figure 39. The measurements are taken at x/Dh = 0.5. Here again a clear trend 

is visible for changing Reynolds number, with higher Reynolds numbers resulting in a lower 

maximum dimensionless velocity, while the velocity near the cell walls increases. This 

indicates a transition from laminar to turbulent flow at a Reynolds number around 3230. 

 

  
Figure 39: Velocity profiles directly behind a honeycomb cell for different honeycomb cell Reynolds numbers. 

 

3.3.2. Turbulence intensity 

From the instantaneous velocity, the turbulence intensity is determined and the results can 

be found in figure 40. In the region where the mixing of the individual flow profiles exiting the 

honeycomb occurs (see figure 37), the turbulence intensity attains its maximum. A larger 
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Reynolds number results in a maximum turbulence intensity closer to the honeycomb. This 

shows that the development of the wake flow instabilities occurs closer to the honeycomb. 

At Reynolds numbers of 5700 and higher the maximum turbulence intensity occurs 

immediately behind the trailing edge of the walls of the honeycomb cells. The overall 

turbulence intensity level in the center of the cells is larger (0.04 instead of 0.01) at the 

position where the individual flow profiles merge. It can clearly be seen that the instability 

and growth of turbulence intensity start at the walls and spreads towards the center of the 

cells. A similar behavior can be observed for Reynolds numbers below 3230. The growth of 

the instability and turbulence start at the trailing edge of the wall and spreads towards the 

center. If the flow is turbulent, then the mixing and dissipation are very fast so that in the 

center the peak is lower and broader. The results give the impression that the intensity in the 

center needs a larger distance to decay at Re=7400 than at Re=5700. This is clear from the 

light-blue fingerlike profiles at Re=7400. The larger velocity at Re=7400 leads to a different 

turbulence intensity front angle, originating from the wall trailing edges. 

 

 
Figure 40: Planar PIV turbulence intensity fields downstream of the honeycomb for different honeycomb cell 
Reynolds numbers, with the flow direction going from the left to the right. 

 

Similar to figure 38 we extracted the data of figure 40 at the centerline, leading to the 

turbulence intensity profiles shown in figure 41. This again shows the behavior of the flow for 

various Reynolds numbers. In all results the lower the Reynolds number, the further 

downstream the maximum turbulence intensity occurs. The Reynolds numbers between 1540 

and 3930 result in the highest maximum turbulence intensity. For Reynolds numbers above 

3150 a higher turbulence intensity directly behind the honeycomb is found, due to the fact 

that the flow inside the honeycomb is turbulent. The results for Reynolds numbers of 3930 

and above decrease to a constant value closest to the honeycomb.  
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Figure 41: Turbulence intensity at the centerline of the wind tunnel for different honeycomb cell Reynolds 
numbers. 

 

3.3.3. Homogeneity and isotropy 
The experimental results are also used to investigate the homogeneity and isotropy of the 

turbulence for a honeycomb cell Reynolds number of 2670. The first indication of isotropic 

turbulence can be made from a comparison of the contributions from the velocity 

components in x- and z-direction to the turbulence intensity. The limitations of the 2D PIV 

prevent incorporation of the results in the y-direction. The individual contributions can be 

found in figure 42. In isotropic turbulence the contributions from all three directions are 

equal. Our results show that this is approximately the case for x/Dh > 20, while for x/Dh < 20 

the turbulence is anisotropic. Similar as in our LDV results, the contribution from the 

streamwise direction is higher than from the other direction. 
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Figure 42: Contribution to the turbulence intensity at the centerline of the wind tunnel from the x- and z-
direction for a honeycomb cell Reynolds of 2670. 

 

An indication for homogeneous turbulence in the wake is the transverse variation 

downstream of the honeycomb cell compared to the centerline variation of the honeycomb 

cell. This can be quantified by [60]: 

 ( ) cellI I
H I

I

−
= , (18) 

with cellI  the average turbulence intensity over the area of the honeycomb cell and I  the 

turbulence intensity along the centerline. The result is plotted in figure 43 as a function of the 

streamwise coordinate. A value around zero indicates homogeneous turbulence, which is true 

for x/Dh > 9, which is approximately at the position where the maximum of the turbulence 

intensity occurs. 

 

  
Figure 43: H averaged over the height of the center cell for a honeycomb cell Reynolds number of 2670. 
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As discussed in the previous chapter, the skewness and kurtosis also indicate the 

homogeneity of turbulence and are therefore presented in figure 44. At x/Dh > 10, which is 

just where the maximum turbulence intensity occurs, the skewness approximates zero, while 

the kurtosis has a value around 3. This also indicates that the turbulence from that point has 

become nearly isotropic with a Gaussian distribution. 

 

 
Figure 44: Skewness (a) and kurtosis (b) for a honeycomb cell Reynolds number of 2670. 

 

3.4. Numerical results 
In this section we present the average velocity and the turbulence intensity as determined 

from the numerical simulations. First the average velocity of the entire planar field for 5 

different honeycomb cell Reynolds numbers is discussed, followed by the velocity at the 

centerline of the wind tunnel. After this we focus on the turbulence intensity and present the 

turbulence intensity of the entire planar field and at the centerline of the wind tunnel.  

 

3.4.1. Velocity 

We present the results in a similar way as our 2D planar PIV results. In figure 45 a 2D view of 

the velocity and turbulence intensity can be found. The behavior is similar as for the 

experimental results. In the case of Re = 3230 the numerical results indicate a laminar flow 

and the profile remains over a longer distance than in the experiments. The turbulence 

intensity finds its maximum at the position where the five individual velocity profiles merge 

into a single flow. For the case of Re = 5800, this occurs directly behind the honeycomb and 

here the maximum of the turbulence intensity can be found at the position of the honeycomb 

walls. 

 

(a) (b) 
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Figure 45: 2D simulation results presented in a similar way as the 2D PIV results taken at the center of the wind 
tunnel, with the flow direction going from the left to the right. At the top the velocity results and at the bottom 
the turbulence intensity results for different honeycomb cell Reynolds numbers. 

 

The dimensionless velocity results at the center of the wind tunnel are plotted in figure 46. 

Here again a clear distinction can be seen between the laminar and the turbulent cases. At a 

Reynolds number of 3230, which was at the boundary of the two flow regimes, we simulated 

both regimes by choosing either a laminar or a turbulent initial velocity field. For the laminar 

flow the dimensionless velocity directly behind the honeycomb has a value of 2.3, while for 

the turbulent flow a dimensionless velocity of 1.4 is found. When taking into account the 

porosity of the honeycomb, the dimensionless velocity for the laminar flow becomes 2.096. 

The decay of the velocity for the laminar flow starts further downstream of the honeycomb 

than for the turbulent flow. In the experiments the dimensionless velocity seems to become 

constant at a value of 1.1, while in the numerical results it becomes constant at 1.0. This 

difference is explained by the simulations assuming moving walls with a speed equal to the 

average flow velocity. 
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Figure 46: Numerical data of the average dimensionless velocity at the centerline of the wind tunnel for 
different honeycomb cell Reynolds numbers. 

 

3.4.2. Turbulence intensity 
In figure 47 the results of the turbulence intensity at the centerline as a function of the 

dimensionless distance are plotted for simulations until Re = 8500. Directly behind the 

honeycomb a distinction between the laminar and turbulent flow in the honeycomb can be 

seen from the higher turbulence intensity for turbulent flow (Re > 3230). This distinction 

persists further downstream, with turbulent flow reaching much lower maximum turbulence 

intensity results than laminar flow inside the honeycomb. For Reynolds numbers between 

1890 and 3230 the highest maximum turbulence intensities can be found with a value up to 

0.3. The downstream distance of the maximum turbulence intensity for the laminar 

honeycomb flows decreases for increasing Reynolds numbers. After a distance of 35 Dh 

behind the honeycomb, all turbulence intensities decay to a value of around 0.02.  
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Figure 47: Turbulence intensity at the centerline of the wind tunnel for different honeycomb cell Reynolds 
numbers. 

 

The experimental results presented in figure 37, figure 40 and figure 41 show similar behavior 

as the numerical results presented in figure 42, figure 45 and figure 47, respectively. Another 

way to compare the experimental and numerical results is by plotting the position of the 

maximum turbulence intensity and the value at that position as functions of the Reynolds 

number. The results of this comparison can be found in figure 48. The positions of the 

maximum turbulence intensity found from the experimental and numerical results are in 

agreement. However, the value of the maximum of the turbulence intensity does not agree. 

Although the behavior is similar, the numerical results are up to a factor of two higher than 

the experimental results. This could be caused by the local median filter in our PIV post-

processing. This filter compares the vectors of the PIV results with its neighboring vectors and 

if it deviates too much, the vector gets rejected [69]. Also the numerical model with an initial 

solution for the honeycomb cell that is shifted via a uniformly distributed pseudorandom 

generator in MATLAB, influence the flow just behind the honeycomb. The break-up of the 

individual velocity profiles is then again dependent on the flow just behind the honeycomb, 

which could affect the results. 
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Figure 48: Comparison of the experimental and numerical results for (a) the position of the maximum 
turbulence intensity in the dimensionless downstream distance and (b) the value of the turbulence intensity at 
that position. 

 

3.4.3. Homogeneity and isotropy 

In figure 49 the transverse variation downstream of the honeycomb cell compared to the 

centerline variation of the honeycomb cell is shown for the numerical simulations, with a 

honeycomb cell Reynolds of 2670. For x/Dh > 15, H, as defined in equation (18), is 

approximately equal to zero, indicating a nearly homogenous turbulence. 

Compared with the experimental results, the values for H differ. Although the trend has some 

similarities, with the maximum for H being found at around an x/Dh 5, whereafter it quickly 

degrades to a value around zero. 

 

 
Figure 49: H averaged over the height of the center cell for a honeycomb cell Reynolds number of 2670. 

 

(a) (b) 
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The skewness and kurtosis of the numerical results are displayed in figure 50. For the 

skewness a value of around zero is reached at x/Dh around 15, which is in the region 

downstream of the maximum turbulence intensity. At the same downstream position a 

kurtosis around 2.5 is found, indicating that the turbulence is nearly isotropic with a close to 

Gaussian flow distribution. 

When the skewness results are compared with the experimental results, it was found that the 

numerical results mostly show positive values and the experimental results mostly show 

negative values, with a maximum of these values found close to their maximum turbulence 

intensity. For both results it holds that at an x/Dh after 15, the values become more or less 

constant. 

The kurtosis for both experimental and numerical results deviate up till an x/Dh around 10, at 

which they settle around a value between 2.5-3. 

 

 
Figure 50: Skewness and kurtosis for a honeycomb cell Reynolds number of 2670. 

 

3.5. Turbulence kinetic energy budget 
The turbulence kinetic energy (TKE) budget gives an insight into production and dissipation of 

the turbulence kinetic energy. The TKE budget formula as stated in equation (21) is an exact 

equation and therefore applicable to any flow, including laminar flows with low Reynolds 

numbers. Here the TKE is denoted by k and defined as: 

 ( )2 2 21
' ' '

2
k u v w= + + . (19) 

This can be related to the turbulence intensity by: 
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The gain and loss of the TKE is described by the material derivative of the TKE [72]: 
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with 
kP  the production term, 

kT  the turbulence diffusion term, 
k  the pressure diffusion 

term, 
kD  the viscous diffusion term and   the dissipation term, with i and j the indices for the 

three directions. The advection term, shortened as Adv  and expressed as j

j

k
u

x




 indicates 

the convection of the turbulence by the mean flow.  

 

In figure 51 the numerical results for the advection term, the production term and the 

dissipation term are presented, for both a laminar and turbulent case with a cell Reynolds 

number of 1890 and 5800, respectively. The results are made dimensionless by multiplying 

with 
3/hD U  and are averaged over the y-direction, which results in a better representation 

of all the contributions of the terms. The results of the diffusion term are disregarded, due to 

the facts that they are close to zero when averaged over the y-axis and only redistribute the 

TKE. Although more simulations at different Reynolds numbers have been performed, only 

these two are shown, since the results in the same Reynolds regime are similar. Clear 

differences between the laminar and turbulent Reynolds regimes can be seen.  

For the laminar cases, the relevant terms are only significantly different from zero at the shear 

layers of the individual flows around x/Dh = 10-20. The production term is positive in the 

center of the honeycomb cells. At the same streamwise distance the dissipation term is 

positive over the entire z-direction. The advection term is negative at x/Dh = 10 and changes 

sign at x/Dh around 15, until it becomes zero again around x/Dh = 20. 

For the turbulent cases, the location where the relevant terms differ from zero has shifted to 

x/Dh between 0 and 5. The production term attains its highest values directly behind the 

honeycomb walls and decays further downstream. At the same position the dissipation term 

is positive and also decays further downstream. The advection term attains both positive and 

negative values behind the honeycomb walls and fades to zero further downstream. 

The numerical results of the production term averaged over the z-direction for various 

Reynolds numbers can be found in figure 54a. A higher Reynolds number is seen to 

correspond with a maximum production term closer to the honeycomb. A turbulent flow (Re 

≥ 4500) inside the honeycomb causes the maximum production term to be directly behind 

the honeycomb. 

 

For the experimental results only a limited number of results for the terms in the TKE budget 

could be obtained. The reason is that the PIV results give a distorted view due to the filters 



58 

 

that were used and the low resolution, while also the pressure cannot be measured. 

Therefore only the production term could be determined accurately and is presented in figure 

52a. Similar behavior is found as for the numerical simulations. Only the position at which the 

maximum production term is found directly behind the honeycomb changes to a value of Re 

≥ 6500. 

 

 
Figure 51: TKE budget terms from the numerical results for honeycomb cell Reynolds number of 1890 on the left 
and 5800 on the right. 
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3.6. Fit turbulence decay 
Knowledge about the near-field decay of the turbulence intensity downstream its maximum 

is of great importance for the relaminarization of the flow in the MDS machine and its effect 

on the motion of particles toward their equilibrium height. In this section we try to find the 

decay law based on the experimental and numerical results, similar as in the previous chapter. 

We start by investigating the turbulence decay for the experimental results and then apply 

the same method to the numerical results. The decay law we use, is an extension of the form 

as described by Batchelor et al. [58] and Mohamed and LaRue [60]: 
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with p the decay exponent, A the decay coefficient, x0/Dh a virtual origin and N the noise level, 

which are all dimensionless quantities.  

The parameters used in this formula are all unknown and therefore could all be used as a 

variable when fitting the turbulence decay. However, it turned out that the variables hugely 

affected each other. To overcome this problem, we try to use fixed values for some of the 

four parameters and determine the others by minimization of the difference between the 

experimental results and equation (25). In the first place, we fix the noise level by estimating 

the noise at the largest distance from the honeycomb. This results in N = 0.011±0.003. The 

remaining three parameters, decay exponent, decay coefficient and virtual origin, still have a 

large mutual influence. Therefore, we try to find a constant value for the decay exponent. We 

first fixed the virtual origin at the position of the maximum of the production rate of the TKE, 

as can be seen in figure 52b in the blue marked “Production rate” results, which is the 

outcome of the maximum values of figure 52a. For the turbulent cases (Re > 3230) the virtual 

origin was set to zero. Subsequently, we determine p with a least-squares method. Here we 

found an average value for the near-field decay exponent, p = -2.09±0.14. Hereafter we set 

the decay exponent to p = -2.1, made the virtual origin, x0/Dh, a variable and performed the 

fit again. The results for the virtual origin can be seen in figure 52b in the orange marked 

“Decay exponent”. The results for the virtual origin while fitting with p = -2.1 are similar to 

the pre-defined virtual origin, but the difference is that the virtual origin also attains negative 

values. The decay coefficient for these results can be found in figure 56a. At lower Reynolds 

numbers (Re ≤ 3930) the values fluctuate around 0.4, while for the higher Reynolds number 

the decay coefficient decreases to around 0.2. We computed error bars by varying the fit-

region. As done in the previous chapter and stated by Mohamed and LaRue [60], the optimum 

values of the parameters should stay constant while fitting over various regions. This results 

in such small error bars (<0.1%), that they cannot be distinguished in the graphs.  

In figure 53 we show an example of the turbulence decay fit with the experimental results for 

a honeycomb cell Reynolds number of 3150. As can be seen, the near-field fit, on which we 

focus in this chapter, is in agreement with the experimental results. For comprehensiveness 

we also show the far-field fit with a decay exponent of p = - 1.16. This decay exponent came 

from the numerical results which are discussed in the next section. The downstream extent 

of the experimental set-up is too small to determine the decay exponent in the far-field region 

for the experimental results with sufficient accuracy. 
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Figure 52: (a) Experimental results of the production term averaged over a honeycomb cell as function of x/Dh 
for various Reynolds numbers. (b) Values for the virtual origin based on the maximum production rate and on a 
fixed decay exponent for various Reynolds numbers. 

 

  
Figure 53: Log-log plots of the squared turbulence intensity plotted versus the dimensionless downstream 
distance for a honeycomb cell Reynolds number of 3150. Here (a) shows only the experimental results and (b) 
shows both the near-field and far-field decay fit with the squared noise extracted of the squared turbulence 
intensity. 

 

For the numerical results we performed the same method as for the experimental results. For 

determining the decay exponent we used the results shown in figure 54. A decay exponent p 

= -2.01±0.22 is found, which is rounded off to p = -2.0, and is slightly lower than the decay 

exponent we found for the experimental results (p = -2.1). In the numerical results there is no 

noise and therefore N has been set to zero. The corresponding decay coefficients are 

(a) (b) 

(a) (b) 
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presented in figure 56b. The decay coefficient for lower Reynolds number (<3230) is around 

0.2, while for higher Reynolds numbers it steadily increases to 1.6. 

In figure 55 we show an example of the turbulence decay fit for the numerical results for a 

honeycomb cell Reynolds number of 3230. As can be seen in figure 55b, the near-field fit and 

far-field are both in agreement with the numerical results in the corresponding region. Due 

to the much larger dimensionless downstream distance of the numerical results, also the far-

field could be explored with higher accuracy. For this specific result the decay exponent was 

found to be p = -1.37. 

 

 
Figure 54: (a) Numerical results of the production term averaged over a honeycomb cell as function of x/Dh for 
various Reynolds numbers. (b) Values for the virtual origin based on the maximum production rate and on a 
fixed decay exponent for various Reynolds numbers. 

 

  

(a) (b) 
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Figure 55: Log-log plots of the squared turbulence intensity plotted versus the dimensionless downstream 
distance for a honeycomb cell Reynolds number of 3230 with a laminar initial solution. Here (a) shows the 
numerical results and (b) shows both the near-field and far-field decay. 

 

 
Figure 56: Decay coefficient as function of honeycomb cell Reynolds number with (a) the experimental results 
and (b) the numerical results. 

 

3.7. Conclusion 
The development of the flow profile and turbulence intensity downstream of a honeycomb 

has been investigated in both PIV experiments and numerically with DNS. The results of the 

experiments and the numerical method were found to be in good agreement.  

At a honeycomb cell Reynolds number >3930 the flow inside the honeycomb is turbulent, 

where the honeycomb cell Reynolds number is a good indicator for the development of the 

flow downstream of the honeycomb. When the flow inside the honeycomb is laminar, the 

(a) (b) 

(a) (b) 
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individual velocity profiles gradually develop into a uniform flow. It was found that the length 

of the individual velocity profiles needed to merge together, becomes shorter as the Reynolds 

number increases. In the turbulent regime this happens over a much shorter distance of 4 Dh. 

A similar trend was found for the turbulence intensity. Here we found the maximum results 

in our turbulence intensity at a similar position of the mixing of the individual velocity profiles. 

In all results the lower the Reynolds number, the further downstream the maximum 

turbulence intensity occurs. A Reynolds number between 1540 and 3930 results in the highest 

maximum turbulence intensity. 

 

The turbulence kinetic energy (TKE) budget was calculated from both the experimental and 

the numerical results. For laminar flow in the honeycomb, the production rate of the TKE 

increases at the position of the mixing of the individual velocity profiles. After it reaches a 

maximum and then falls back to zero. For turbulent flow in the honeycomb, the production 

rate of the TKE attains at its maximum at the position where it leaves the honeycomb, due to 

the fact that the flow inside the honeycomb is turbulent. The flow becomes homogeneous 

and isotropic just downstream of the maximum turbulence intensity. 

The turbulence decay was investigated in more detail with a least-squares fit method to an 

exponential decay relation. We used the maximum production rate of the TKE as an initial 

guess of the virtual origin to find a good estimate for the decay exponent. In the near-field we 

found a decay exponent of p = -2.1 and p = -2.0 for the experimental and numerical results, 

respectively. 
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4. Particle-Fluid-Particle interaction 
 

This chapter provides the set-up and the results obtained by particle tracking velocimetry 

(PTV) of the particle-fluid-particle interaction. Experiments were carried out with particles in 

motion driven by gravity forces both in water and in a magnetic fluid in a non-uniform 

magnetic field. First the relevant forces in such an environment, the experimental set-up 

including the particles, the magnetic fluid and magnet are discussed. After that the 

experimental results are displayed for both single particles and two colliding particles. The 

experimental results are analyzed and compared with the results of a numerical model. 

 

4.1. Introduction 
In magnetic density separation (MDS) systems, the net buoyancy force of a particle vanishes 

at one specific height in the system, which depends on the mass density of the particle. The 

time it takes for a particle to travel to this equilibrium height is an important design parameter 

for the MDS machine. The residence time is the time that a particle resides in the MDS 

machine and this time is the ratio of the length of the magnet in the MDS machine and the 

fluid velocity. Apart from the travel time to reach equilibrium also collisions between particles 

affect the time it takes a particle to reach its equilibrium height. Therefore, in this chapter we 

explore both the travel time of single particles and the effect of a collision. The experiments 

are used to validate the results of a numerical simulation model which can simulate the MDS 

machine in detail. 

 

Noteworthy research on the behavior and the dynamics of magnetic fluids has been 

performed by Rosensweig [73] who gives a good introduction on the subject and also 

published several research papers [74,75]. Van Silfhout [76] wrote an entire thesis about 

ferrofluids. Ikezoe et al. [77], Hirota et al. [78] Xie et al. [7] and Zhao et al. [79,80] investigated 

a paramagnetic MnCl2 solution to levitate particles.  

Jenny et al. [81] showed how the path of a spherical particle falling in a magnetic liquid 

depends on the Galileo number and the relative mass density. Ern et al. [82], Horowitz and 

Williamson [83] and Elghobashi and Truesdell [84] analyzed rising or falling spherical and non-

spherical particles in non-magnetic fluids with a uniform mass density. In contrast, Ghosh et 

al. [85], Korlie et al. [86] and Ueno et al. [87] investigated the motion of particles in a magnetic 

fluid. Esteban et al. [88–93] published several research papers and subsequently a thesis [94] 

on the behavior of a hydrodynamic separator. With this separator, mixed municipal solid 

waste could be separated into glass and plastics based on their mass density. In this work the 

behavior of both spherical and non-spherical particles was investigated experimentally.  

 

Tajfirooz et al. [71] recently published a paper on the motion and interaction of multiple 

particles in a mass density gradient fluid. He applied direct numerical simulation (DNS) and 

used experimental results presented in this chapter to validate his simulations.  

 

Several students worked on the experimental set-up discussed in this chapter: Meijer [95], 

Meulenbroek [96], Wubs [97], Rosenkamp [98], Goeijers [99] and Nelissen [100]. 
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To give the reader an idea of how this mass density gradient works, a video can be found at: 

https://youtu.be/DVjia6NbmqQ [101]. 

 

4.2. Theory 
When a particle is submerged and in motion in a viscous fluid, various forces act on the 

particle. The dynamics of the particle is described by Newton’s equation of motion. This 

equation is:  

 ( )ci
i i i

d
m

dt
= +

v
F F . (26) 

With 
im  the mass of particle i, 

iv  the velocity of particle i and 
( )c

iF  the forces on particle i 

caused by collisions with other particles. Here iF  is the sum of all the forces acting on 

particle i which are for small aspherical particles described by Maxey and Riley [102] and 

subsequently by Kuerten [103] and are as follows: 

 i B PG AM D hist= + + + +F F F F F F . (27) 

With 
BF  the buoyance force, 

PGF  the force by the undisturbed velocity field, 
AMF  the added 

mass force, 
DF  the drag force and 

histF  the Basset history force. In the next sections we will 

briefly discuss these forces. Other forces, such as lift forces due to rotation [104] or gradients 

in the velocity field [105] will not be discussed and are not taken into account. 

 

4.2.1. Gravitational buoyancy force 
The buoyancy force is the net force due to the gravitational acceleration, g : 

 ( )B P p fV g = −F . (28) 

With the mass density of the particle, p  and of the fluid, f . The difference between these 

two mass densities determines whether the particle will rise or sink. The volume of the 

particle is denoted as pV . 

 

4.2.2. Magnetic Buoyancy force 

When the particle is located in a magnetic fluid and a magnetic field is applied, also a magnetic 

force, 
MF , is exerted on the particle. This force can be taken into account by rewriting the 

buoyancy force, 
BF . The magnetic force, 

MF , on a particle is as follows: 

 
0

p

M

V

M HdV= − F . (29) 

With
0 the vacuum permeability, M the magnetization and H  the magnetic field. Here we 

assume that M H is constant within the volume of the particle and that the magnetic field 

gradient is parallel to the gravitational force. 
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When it is assumed that there only exists a magnetic field gradient in the z-direction and that 

the particle is so small that the magnetic force on the particle can be approximated by the 

force at its center, the buoyancy force can be rewritten as: 

 ( ) ( )0B p p f z p z p p app z

dH
V g V M V g

dz
     − − = −F e e e . (30) 

With 
ze the unit vector in z-direction and app  the apparent mass density which can be 

calculated with the following equation: 

 
0

app f

dH
M

g dz


 = − . (31) 

 

4.2.3. Force by the undisturbed velocity field 
The force by the undisturbed velocity field takes the pressure differences over the surface of 

the particle and the viscous contribution into account. In literature this force is also known as 

the pressure gradient force since originally the viscous contribution force was not accounted 

for. However it was shown by Maxey and Riley [102] that this should also be accounted for. 

The force by the undisturbed velocity field is given by: 

 
( )( ),i

PG f

D t t
m

Dt
=

u x
F . (32) 

With fm the mass of the displaced fluid, u  the velocity of the fluid and the material derivative 

D

Dt t


= + 


u  evaluated at the center of the particle. 

 

4.2.4. Added mass force 

This is the force that is needed to accelerate the fluid around the particle when the particle 

velocity is changing [106]. When the particle is not accelerating or decelerating with respect 

to the fluid, for example when the particle is at its terminal velocity, this force equals zero. 

Often this force is neglected and this is a valid assumption when the mass density of the 

particle is large compared to the mass density of the fluid [107]. In our case the two mass 

densities are comparable, and this force should therefore be taken into account. The added 

mass force, also called virtual mass force, is expressed by the following equation: 

 
i

AM f p

dD
I V

Dt dt


 
= − 

 

vu
F . (33) 

With
iv the velocity of particle i. I is a factor that accounts for the shape of the particle and 

equals ½ for spherical particles [108]. 

 

4.2.5. Drag force 
When a particle is moving in a fluid, friction occurs that acts in the direction opposite to that 

the particle is moving. This is called the drag force and is expressed by the following equation: 

 ( )
21

2
D f i Dv u AC= −F . (34) 
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Here A  is the projected area or cross-sectional area of the particle, which should not be 

mistaken for the surface area. ( )iv u− is the speed of particle i relative to the fluid and 
DC is 

the drag coefficient. For this coefficient various correlations exist. We will use: 
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With 
( )

Re
i p p

f

v v d



−
= , this equation was fitted by Morrison [109] from empirical results and 

is valid for spherical particles in flow regimes up to Re =106. 

 

4.2.6. Basset history force 
When a particle is accelerating the development of the boundary layer has a delay. This delay 

causes the particle to slow down and its effect can be expressed as a force. This force is called 

the Basset history force. The Basset history force is often neglected but can play a role when 

particles have a high acceleration or when the particle mass density is not large compared to 

the fluid mass density. 

Boussinesq and Basset [110–113] developed an equation for the Basset history force when 

an acceleration spherical particle is submerged in a viscous fluid and this equation was 

rewritten for particles where the effects of finite size are being ignored in [103]: 

 

 
( ) ( )( )2

0

3

2
 

d
i id

t

hist i fd
v

d
t


 




=

− −

−


u v
F , (36) 

with 
id the diameter of particle i. 

 

4.2.7. Numerical model 
We have written a numerical model in Python that can calculate the 1D trajectory of a particle 

in a fluid at rest that takes all these forces into account. In this numerical model we can change 

the properties of the fluid and the particle. Also additional code has been added to take 

particles with different shapes into account. 

For modeling a collision between particles a numerical code was written in Fortran with the 

same forces as in the Python code that can calculate the 3D particle trajectory and 

simultaneously solves the Navier-Stokes equation for the fluid. We will use our experimental 

results to validate the numerical model, that later will be used in the simulations for multiple 

particle systems by Tajfirooz et al. [71]. 

 

4.2.8. Apparent Galileo number 
To account for the effect of the changing apparent fluid mass density and to have a good 

indicator for the driving force of a particle we introduce the apparent Galileo number ( G ), 

which is based on the Galileo number proposed by Jenny et al. [81]. Their Galileo number is 

equal to the square root of the Archimedes number ( Ar ) [114]. To obtain the apparent Galileo 
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number we simply replace the fluid mass density in the Galileo number by the apparent fluid 

mass density, app , as shown for example in figure 67, which then results in: 

 

31
p

app

gd

G Ar







−

= = . (37) 

The Galileo number represents an estimation of the local “free fall” velocity particle Reynolds 

number when the “free fall” velocity is estimated as 1p

appffu gd



= − . So, a small Galileo 

number represents a low particle Reynolds number, whereas at a large Galileo number inertia 

is more dominant during the particle motion.  

 

4.2.9. Lateral center distance 

In this thesis also the effect of collisions has been studied. A relevant parameter that 

influences the collision is the so-called lateral center distance ( LCD ). This parameter takes 

account of the horizontal offset of the particles. A visual 2D representation of this LCD  can 

be seen in figure 57 and this LCD  can be calculated with equation (38). 

 

 
Figure 57: A view of two particles just before collision visualizing the various LCD , where the arrow 

represents the direction of motion of the particles. 

 

 
( ) ( )

( )

2 2

1 2 1 2

1
1 22

x x y y
LCD

d d

− + −
=

+
 (38) 

 

Where x and y represent the coordinates in the horizontal plane of particle 1 and 2 at the 

moment of collision and 
id the diameters of the two particles.  
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4.3. Experimental set-up 
For the particle-fluid-particle experiments a specific set-up was designed and constructed. 

This set-up contained a fluid tank on top of a magnet, with next to it two cameras and inside 

the fluid tank particles were released. The set-up is shown in figure 58.  

 

 
Figure 58: Schematic view of the set-up with the fluid tank in the middle with the “release mechanism” and in 
this case filled with the pink MnCl2 fluid. The magnet is positioned below the fluid tank and two cameras are 
installed to provide a 3D view.  

 

4.3.1. Fluid tank 
The fluid tank, shown in figure 58 is made of transparent Perspex and its dimensions are 

150·150·150 mm3. It can hold and simultaneously release two particles, one from the top and 

one from the bottom, via a two-pin mechanism attached to a rotating bar, which we call the 

“release mechanism”. The bottom is 10 mm thick and has a supply tube in it to be able to 

insert a particle via the bottom.  

The z-direction is in the vertical direction and the x- and y-direction are in the horizontal plane. 

 

4.3.2. Particle tracking velocimetry, cameras, and calibration procedure 
Particle tracking velocimetry (PTV) was the measuring technique used during the 

experiments. With PTV a video is recorded with one or multiple cameras and processed to 

distinguish the particles. This makes it possible to track the particle trajectories and to 

understand their behavior.  

Using PTV with two cameras at a 90° angle and perpendicular to the fluid tank, as displayed 

in figure 58, came out to be the best configuration for our set-up. If only one camera is used, 
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it is not possible to track the particles in 3D. If four cameras would be placed opposite of each 

other, a uniform background is impossible and the amount of captured data and the 

complexity of processing increases. However, in a set-up where many particles are used, 

which can block the view of other particles, multiple cameras could improve the tracking 

capability of the set-up. The used cameras are SP-5000M-CXP2 manufactured by JAI, which 

have a frame rate of 70 Hz, an image size of 2048 x 2560 pixels and a pixel size of 71 µm. 

For improving the visibility of the particles, an LED lamp was placed above the fluid tank, and 

at the back of the fluid tank a black or white paper sheet was placed that provided the biggest 

contrast with the particles. The final view of the two cameras can be seen in figure 59. 

 

 
Figure 59: Synchronized view of the two cameras at an experiment with a black spherical 10 mm POM particle 
submerged in Mncl2 with a white background. 

 

To convert the images captured with the camera to world coordinates, a calibration step was 

performed. For this we used a metal calibration plate with 2 mm white dots evenly distanced 

10 mm apart from each other. This calibration plate was placed in front of the camera at 

different distances and at every distance an image was taken. This step was then repeated 

for the other camera and these images were processed with a MATLAB script. This MATLAB 

script consequently made a MATLAB file in which a polynomial equation translates the pixel 

coordinates to world coordinates.  

When an experiment was performed with successfully grabbing the images, a MATLAB script 

reads these images where it could find the particles and tracks their center positions. This was 

realized by first making an average image of all the grabbed images and subsequently subtract 

this average image from every individual image. This enhances the contrast and improves the 

tracking. Also a guess of the size of the particle in pixels was given to the script. When image 

quality was low this MATLAB script needed some manual interaction to find and track the 

particle or to glue the tracks of the particle together. After correctly tracking all the particles 

on the images from both cameras and with the help of the calibration MATLAB file a 3D track 

file of the particles could be established. Here a virtual timeline was drawn between the 

particle positions determined from the images. The closer the particles on the line, the lower 

the error in our calculations. The order of this error was approximately 0.2 mm. The MATLAB 

script was edited to be able to also track non-spherical particles including their orientation 

for later use.  
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4.3.3. Particles 
We used three different types of plastics in our water experiments and three other types of 

plastics in our MnCl2 experiments, to have an option for different particle mass densities and 

therefore different equilibrium heights in the set-up. Those particles were made of the 

following plastics: Polypropylene (PP), Santoprene thermoplastic vulcanizates (TPV), 

Polystyrene (PS), and Polyoxymethylene (POM), polyvinyl chloride unplasticized (PVC-U) and 

polyvinyl chloride chlorinated (PVC-C). The properties of the spherical particles are listed in 

table 3. 

 
Table 3: Specifications of the used particles. 

Plastic type Diameter [mm] Mass density [kg/m3] 

PP 4.77 865±1.5 
TPV 4.90 942±1.5 
PS 4.89 1029±1.5 

POM 5.06 1406±1.5 
PVC-U 5.06 1434±1.5 
PVC-C 5.06 1585±1.5 

 

Also non-spherical particles were used during the experiments. Non-spherical particles are 

specifically relevant as in a real MDS machine particles typically have a flake-like shape. 

Therefore, it is relevant to know what the specific dynamics are of non-spherical particles. 

To this end an oblate spheroid, and two discs with different thicknesses were produced as 

can be seen in figure 60. The dimensions of these particles can be found in table 4. The non-

spherical particles were made of PVC-U, which has its specifications listed in table 3. 

 

 
Figure 60: Plastic PVC-U particles with the following shapes from left to the right; round, ellipsoid and two coins 
with various thickness. 

 
Table 4: Non-spherical particles dimensions.  

Shape Minimum diameter [mm] Maximum diameter [mm] Volume [mm3] 

Sphere 5 5 65.45 
Oblate spheroid 2.5 5 32.73 

Disc 1 1 5 19.63 
Disc 2 0.5 5 9.82 

 

4.3.4. Fluid 
The first experiments were performed with demineralized water and served for validation 

purpose. The water had a mass density of 997±0.6 kg/m3 and a dynamic viscosity   of 

(8.9±0.5)·10- 4 Pa·s. 
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After the initial water experiments a magnetic fluid was used in order to create a mass density 

gradient. A transparent fluid is needed to be able to track the particles inside that fluid by 

means of PTV. The ferrofluid that is used in the MDS machine is opaque. A typical photo of 

this ferrofluid with three types of plastics submerged in a glass container is shown in figure 

61a. The container is placed on a magnet and shows the magnetic levitation of the particles. 

However, the particles can hardly be distinguished, which makes PTV and imaging in this fluid 

impossible. Therefore, we used an aqueous solution of the paramagnetic manganese(II) 

chloride (MnCl2), which is a semi-transparent pink colored fluid and can be used to create a 

mass density gradient when a magnetic field is present, as can be seen in figure 61b. This 

paramagnetic MnCl2 solution has a different magnetization behavior than a ferrofluid, and 

the magnetic density gradient generated in MnCl2 is at least a factor 3-4 smaller than in the 

ferrofluid. 

 

 
Figure 61: Both pictures show a container with a mass density gradient created in the magnetic fluid and a 
magnet placed below it with plastic particles with different mass densities inside the fluid. On the left (a) [115] 
the magnetic fluid is a ferrofluid, consisting of suspended nano-sized ferromagnetic particles with a surfactant 
coating in water, and on the right (b) the magnetic fluid is a MnCl2 solution which is also shown in this video: 
https://youtu.be/DVjia6NbmqQ [101]. 

 

Before starting the experiments we measured the mass density of a scientific grade of MnCl2 

solution against the molality b , and show the result in figure 62, which is in agreement with 

Wakeman [116]. The results were fitted with the following polynomial:  
2

1 2 3p b p b p =  +  + . This resulted in fit parameters: 
1p = -3.28 [(kg H2O2·kg)/(mol 

MnCl22·m3)], 
2p = 97.51 [(kg H2O·kg)/(mol MnCl2·m3)], 

3p = 997.51 [kg/m3] and b  the 

concentration of MnCl2 [mol MnCl2/kg H2O]. At a concentration of 4.62 mol MnCl2 per kg of 

water, saturation was reached. This is also the preferred concentration for the experiments, 

as it enables the highest range of apparent mass densities. 

 

(a) (b) 
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Figure 62: Relation of the mass density of the solution plotted versus the molality in mol MnCl2 in kg of water. 

 

Producing a quantity of MnCl2 solution of 4 liters appeared to be a challenge. For financial 

reasons this was done with a lower industrial grade, with a lower purity of MnCl2, that costs 

only 40 €/kg in contrast to the scientific grade of 2000 €/kg. However, when dissolving the 

MnCl2 the solution appeared to become a contaminated suspension and therefore opaque. 

This suspension was probably created by the following oxidation reactions: 

 2

2( ) ( ) ( ) 2 ( )Mn aq H O l MnO s H aq+ ++ +  (39) 

 2

2 3( ) 2 ( ) ( ) 4 ( )Mn aq H O l MnO s H aq+ ++ +  (40) 

 

This was solved by carrying out the production in the following way and the intermediate 

results can be seen in figure 63: 

• Mix demineralized water with MnCl2 in the correct ratio, being 4.62 mol of MnCl2 

added to 1 kg of water. 

• Filter this mixture, first by a filtration with a pore size of 3 µm and after that of 1 µm.  

• Add hydrochloric acid (HCl) to this mixture to bring the equilibrium of this oxidation 

reaction to the left. A couple of droplets should already be enough and create a 

transparent mixture. 
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Figure 63: Various mixtures of MnCl2, with on the left a scientific grade mixture and the others the industrial 
grade mixtures as intermediate result during production. 

 

The produced MnCl2 solution had a mass density of 1402±0.1 kg/m3, a dynamic viscosity of 

5.54·10-3 Pa·s, a pH of 0 [-] and a susceptibility of 6.987±0.002·10-4 [-]. The solution has a 

paramagnetic behavior resulting in a linear magnetization. 

Sometimes a suspension was found in our solution. This was caused by evaporation of water, 

which oversaturated the solution. This could simply be solved by adding a couple of 

demineralized water droplets to the solution. 

 

4.3.5. Magnet 
The magnet used in these experiments, as displayed at the bottom in figure 58, provided the 

magnetic field needed to create the mass density gradient. The magnet configuration of this 

magnet is based on a Halbach array [117,118] with permanent magnets. In a Halbach array, 

individual magnets are placed next to each other and the magnetization directions of 

neighboring magnets are rotated by 90° with respect to each other as can be seen in figure 

64. A Halbach array configuration has a magnetic field ( B ) that is almost uniform in the 

horizontal directions. This has been verified by a simulation of the magnetic field in COMSOL 

Multiphysics v.3.5a with a 2D Halbach array that consists of individual magnets with a size of 

10x10 mm2. The results of these simulations are displayed in figure 64 together with a cross 

section of such a Halbach array at the bottom of this figure. Here the individual magnets of 

this Halbach array are shown, with the red and blue part being the north and south pole of 

the individual magnets, respectively and the arrows representing the directions of 

magnetization. At 5 mm above the Halbach array, the magnetic field has a maximum variation 

of 2% in the horizontal direction, which decreases further, higher above the Halbach array. 

The height above which field variations are less than a certain threshold scales with the size 
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of the individual magnets: the larger the size of the individual magnets, the higher above the 

magnet the field becomes uniform in horizontal directions. 

 

 
Figure 64: Absolute value of the magnetic field strength above a Halbach array magnet configuration simulated 
in COMSOL Multiphysics v.3.5a. The field strength is higher close to the magnet and is therefore plotted using a 
reversed ordinate axis. 

 

A similar magnet configuration as a Halbach array has been manufactured by Goudsmit 

Magnetics for our experiments. For this magnet configuration, individual magnets are placed 

next to each other to create a magnetic field that is uniform in the horizontal directions above 

the magnet. The individual magnets are neodymium (NdFeB) magnets called GSN-50 [119]. 

These individual magnets are placed on a metal plate which results in a total size of the 

magnet configuration of 300x300x55 mm3. 

This magnet configuration has also been simulated in 2D with COMSOL Multiphysics v.3.5a 

and the results can be found in figure 65. The magnetic flux density is plotted on a logarithmic 

scale to counter the exponential behavior. The figure shows that close to the top of the 

magnet there is a high magnetic flux density that decays exponentially further away from the 

magnet configuration. Close to the bottom of the magnet configuration, the magnetic flux 

density is lower than at the top, which is similar to a Halbach array. The individual magnets, 

metal plate and the inside of fluid tank above the magnet configuration are shown for 

displaying purposes. 
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Figure 65: Magnet configuration used in our lab with the magnetic flux density simulated in COMSOL 
Multiphysics v.3.5a and the dimensions displayed in meter. 

 

The magnetic flux density in the horizontal direction was only slightly non-uniform close to 

the top of the magnet configuration. The 10 mm thick bottom of the fluid tank however made 

this space not usable for experiments. Therefore we assumed a horizontally uniform magnetic 

flux density in the fluid tank: 

 0
H H

x y

 
 

 
. (41) 

In the vertical plane, the magnetic field decays exponentially with the distance from the 

magnet. The magnetic field strength has been measured and subsequently fitted with the 

function  

 0

z

p
B B e

 
− 
 =  (42) 

The fit parameters were found to be 
0B  = 0.5298 T which represents the magnetic flux density 

at the surface of the magnet and 
p
  = 26.6 m-1, with p  denoting the pole size. We found that 

the pole size of 120 mm is equal to twice the magnet size of 60 mm, which is the size of the 

individual magnets. The results of this measurement, its exponential fit and the results from 

COMSOL Multiphysics v.3.5a are displayed in figure 66. Here the COMSOL results are taken 

23 mm off-center, which resulted in a slightly better agreement and compensated for a 

horizontal off-set. The measurements were done in air with a Model 410 Hand-held 

Gaussmeter from Lake Shore and show a good agreement with the COMSOL results with a 

magnetic fluid present. In further calculations the fitted exponential curve was used. 
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Figure 66: Measured magnetic flux density versus height above the magnet configuration with an exponential 
fit to the measurements. 

 

For the magnetic field H and the magnetic flux density B the following relation holds: 

 
0B H=  (43) 

With the vacuum permeability, 
0  = 4π·10-7 [(kg·m)/(A·s2)]. 

The magnetization of a paramagnetic material behaves linearly with the magnetic field and is 

given by: 

 M H=  (44) 

With   the magnetic susceptibility and M  the magnetization of the material. 

When using the fit of figure 67 together with equation (31), equation (43) and the maximum 

concentration of MnCl2 in water the apparent mass density was calculated. The results of the 

apparent mass density versus the height above the magnet configuration are displayed in 

figure 67. With this figure we could determine the apparent mass density and we empirically 

checked this with three particles mentioned in table 3. That are the POM, PVC-U and PVC-C 

particles, which should have an equilibrium height of 92.3 mm, 49.7 mm, and 15.9 mm, 

respectively. The results of this can be seen with the three orange dots in figure 67 and had a 

maximum deviation between the theoretical and experimental results of 1 mm. 
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Figure 67: The theoretical apparent mass density versus height above the magnet configuration compared with 
three plastic particles with various mass density. 

 

4.4. Results 
We started the experiments by tracking single spherical particles submerged in water. 

Subsequently we let two of these spherical particles collide while submerged in water. After 

that we moved to experiments in the MnCl2 liquid. Here again we started with releasing a 

single spherical particle in the fluid tank and compared it with numerical results with and 

without Basset history force. Next, we went a step further and let two spherical particles with 

different mass densities collide. Finally, we carried out experiments with non-spherical 

particles. The non-spherical particle experiments started with single particle dynamics and 

next two colliding particles. Here the orientation of the particles also plays a role and is 

therefore investigated as well.  

 

4.4.1. Single spherical particle dynamics in water 
We measured the height and velocity of PP, PS and TPV spherical particles as a function of 

time in our set-up filled with water. We averaged the particle paths over 6 measurements for 

every particle and the averaged results are displayed in figure 68 with the dimensions of the 

particles presented in table 3. The error bars based on the standard deviations of the 

experimental results are in the order of 0.6 mm and have been left out of figure 68 since they 

are too small to properly display. PP had the highest velocity and PS the lowest velocity, which 

is caused by the mass density difference with water. The velocity results were calculated as 

derivative of the height results and therefore show much higher fluctuations and for that 

reason plotted with the smooth function of MATLAB. In the experiments we could only start 

the tracking of the particle when it came out of the injection unit and therefore already had 

a certain velocity in the results. For that reason we aligned the velocity and height for the 

experimental results and numerical data at the moment the particle could be tracked. After 

this alignment the numerical data and experimental height show a good agreement except 
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for the first 0.5 s of the PS particle. This difference in results is caused by the injection unit at 

the top, creating a vacuum when the PS particle came out. 

 

 
Figure 68: (a) The average vertical position and (b) the vertical velocity of a single particle made of PP, PS or 
TPV submerged in water as functions of time. 

 

In the numerical code it was also possible to track the different forces, and these are displayed 

in figure 69 for a TPV and PS particle. Here the buoyance force is a constant factor, due to an 

absent mass density gradient in the fluid and also indicates whether the particle will sink or 

float. The drag force increases with increasing velocity, while the added mass force decreases 

steadily and reaches zero when terminal velocity is reached. At the end all forces are 

becoming constant. 

 

 
Figure 69: Force contributions for (a) a TPV particle and (b) a PS particle submerged in water. 

(a) (b) 

(a) (b) 
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4.4.2. Colliding spherical particles in water 
Next we study collisions between a spherical PS and a spherical TPV particle in water, where 

snapshots of this experiment can be seen in figure 70. We present the results in figure 71, 

where LCD  is explained in section 4.2.9. Here we determined the delay time as the 

additional time a particle needs to reach a certain height due to the collision. All collisions 

show a positive delay time in the order of 0.2 s. Interpretation of the linear fits shows that the 

lower the LCD , the more time a particle needs to reach the same height. PS shows a larger 

delay time than TPV. The reason is the approximately 1.5 times lower velocity of PS particles 

in steady state motion compared to TPV particles. The errors bars are based on the average 

error of the calibration of the camera and the maximum inaccuracy of the camera frame rate. 

 
t = 1.94 s 

 

t = 1.99 s 

  

t = 2.03 s 

  

t = 2.07 s 

 

t = 2.11 s 

 
t = 2.16 s 

 

t = 2.20 s 

 

t = 2.24 s  

 

t = 2.29 s 

 

t = 2.33 s 

 
Figure 70: Snapshots of a spherical PS particle colliding with a spherical TPV particle at an LCD  of 0.75 in 

water. 
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Figure 71: Delay time of a collision between PS and TPV as function of LCD . 

 

4.4.3. Single spherical particle in MnCl2 
This experiment was set up to understand spherical particle dynamics in the magnetic MnCl2 

fluid and compare it with our numerical results. Here we released a PVC-U particle with a 

diameter of 5.06 mm both at the bottom and at the top of the tank. The results are displayed 

in figure 72 and figure 73, respectively. The experiments were repeated 7 times and the 

average of these results were taken. The experimental results have such a high accuracy that 

the error bars are in the order of 0.1 mm, which are too small to display in the figures. 

The comparison with the numerical data shows that the results with Basset history force are 

much more in agreement with the experiments than the results without the Basset history 

force. Therefore it can be concluded that this force cannot be neglected and will be taken into 

account in further analysis. 
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Figure 72: (a) The vertical position and (b) the vertical velocity of a single spherical 5 mm PVC-U particle 
released at the bottom of the tank as a function of time compared with numerical results both with and 
without Basset history force. 

 

 
Figure 73: (a) The vertical position and (b) the vertical velocity of a single spherical 5 mm PVC-U particle 
released at the top of the tank as a function of time compared with numerical results both with and without 
Basset history force. 

 

The time to reach the equilibrium position of the sphere is approximately 5 seconds. The 

trajectory shows oscillating behavior around its equilibrium height just prior the particle 

settling at its equilibrium height. This is discussed in detail by Tajfirooz et al. [71] where the 

properties of the particle trajectories are investigated with the help of a linearized model. The 

oscillatory motion resembles a mass-and-spring damped motion and whether oscillatory 

damping occurs or not depends on a critical particle diameter. Tajfirooz et al. developed an 

(a) (b) 

(a) (b) 
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equation for calculating the critical diameter regardless of the position of the magnet, which 

is valid for a single-magnet configuration. A single-magnet configuration in this case means 

that the magnetic force is coming from one direction and in practice means that there is only 

one Halbach array present and not two like in the MDS machine. Here the critical diameter is 

defined as: 
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above which oscillatory motion occurs. For representative values of the pole size p , viscosity 

  and densities   a critical diameter of 2.5-3 mm is found. The particles that were used in 

the experiments have a diameter of 5 mm which is larger than the critical diameter. So 

oscillatory damping behavior could be expected and was indeed observed in the experiments. 

 

4.4.4. Colliding spherical particles in MnCl2 

As a next step we performed collision experiments of spherical particles in the MnCl2 liquid. 

Here we let a 5.06 mm spherical POM particle collide with a 5.06 mm spherical PVC-U particle. 

This experiment was repeated 5 times resulting in 5 different values of LCD . An example of 

such a collision can be seen in this video: https://youtu.be/jXgiAjUnHQM [120] or in the 

snapshots of figure 74. The results of this experiment can be found in figure 75. The 

experimental results and numerical data here are synchronized at the moment of collision. 

For all cases there is a good agreement between the experimental and the numerical results. 

The error bars are again in the order of 0.6 mm based on the camera calibration off-set and 

were therefore too small to properly be displayed in the graphs. 

In figure 75 it can be seen that before collision the POM particle reached the highest velocity 

and after the collision the PVC-U particle regained the highest velocity. This is due to the 

change in apparent Galileo number, which is a function of the effective mass density 

difference as can be seen in equation (37). At the release of the particles the POM particle 

had an apparent Galileo number in the order of 100 and the PVC-U only in the order of 10. 

Therefore the POM particle reaches a much higher velocity when released. It also is evident 

that the higher velocity of the POM particle results in a collision closer to its equilibrium 

height. This causes a much faster decrease of the apparent Galileo number of the POM 

particle at its collision height. Therefore the particle that has the highest apparent Galileo 

number before collision has the lowest apparent Galileo number after collision and thus also 

attains the lowest velocity after collision. 
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t = 2.14 s 

 

t = 2.29 s 

  

t = 2.43 s 

  

t = 2.57 s 

 

t = 2.71 s 

 
t = 2.86 s 

 

t = 3.00 s 

 

t = 3.14 s  

 

t = 3.29 s 

 

t = 3.43 s 

 
Figure 74: Snapshots of a spherical POM particle colliding with a spherical PVC-U particle at an LCD  of 0.37 

in MnCl2. 
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Figure 75: Results of colliding particles compared with simulations. The times of collision of the experimental 
and numerical results are synchronized. The left figures show the vertical position of the two particles, the right 
figures show their vertical velocity. 

 

Figure 76 and figure 77 display the difference in settling time when a collision takes place and 

without collision of a particle traveling to its equilibrium height for spherical particles with a 

diameter of 5 mm. In order to determine the settling time for this experiment, we tracked the 

time when the particle was released till the vertical velocity of the particle stayed below a 

chosen threshold. This threshold velocity was set to 0.5 mm/s and 1.0 mm/s for a sinking PVC-

U and rising POM particle, respectively. With this we could also account for the oscillatory 

motion. The settling time of a single particle in the system for a rising POM particle is 

7.66±0.16 s and for a falling PVC-U particle it is 6.43±0.04 s. For the PVC-C particle the settling 

time is determined in a different way. Because this particle fell to the bottom of the fluid tank 

and therefore did not oscillate, we therefore determined its trajectory time as the settling 

time, which was the time the particle needs to travel from a height of 100 mm to 34 mm 

above the magnet and it was found to be 0.85±0.02 s. 

The linear fit that is shown by a straight orange line in the figures shows a correlation, which 

indicates that the lower the LCD , the higher the settling time becomes. In all POM and PVC-

U particle results, the settling time of the particles increased also when there was no collision, 

i.e.: LCD  > 1. This could be caused by the fluid displacement around the particles, which also 

influences the particle motion. 

The rising POM particle shows different results when colliding with a different particle. When 

colliding with a PVC-C particle the delay time was between 1.5 s and 3 s, when colliding with 

a PVC-U particle the delay time was in the order of 2-5 s. This higher delay time could be 

attributed to the lower velocity of the PVC-U particle resulting in a collision closer to its 

equilibrium point and thus at a lower apparent Galileo number of the POM particle at the 

moment of collision. Therefore the POM particle attained a lower velocity after collision and 

thus needed a longer time to reach its equilibrium position. 

For the sinking PVC-C particle colliding with a rising POM particle the delay time is in the range 

of 0.04-0.1 s, which is relatively low compared with other particles. When a collision was 
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absent the delay time fell into the error range and is therefore negligible. The reason for this 

behavior is the high apparent Galileo number of the PVC-C particle. 

 

  
Figure 76: Delay time of a rising POM particle that collided with a PVC-U particle on the left. On the right results 
of the same experiment, but then of the falling PVC-U particle. 

 

  
Figure 77: Delay time of a rising POM particle that collided with a PVC-C particle on the left. On the right results 
of the same experiment, but then of the falling PVC-C particle. 

 

4.4.5. Coefficient of restitution 

When a collision takes place between two particles part of their kinetic energy is dissipated. 

This loss of kinetic energy is quantified by the coefficient of restitution (COR) and is of 

importance for our numerical model. The COR is the ratio of the relative velocity after collision 

and the relative velocity before collision and is always between 0 and 1. Yang and Hunt [121] 

described the COR of particle-on-particle collisions in a viscous liquid and confirmed their 
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findings with experiments. Kempe and Fröhlich [122] described three different collision types: 

full sticking (I), sticking (II) and sliding (III). 

 

In our numerical model [71] the collisions are modeled by a hard particle approach based on 

the work of Hoomans et al. [123]. This is based on three assumptions: Infinitesimal collision 

time, Poisson’s hypothesis and Coulomb’s friction model [124]. For this the Stokes number is 

defined as: 
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For Stokes numbers up to 106 the effective coefficient of normal restitution can be calculated 

with the following equation developed by Izard et al. [125]: 
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With the reduced particle mass density defined as ( )
1

*

,1 ,21/ 1/p p p  
−

= + and the relative 

Reynolds number, 
, ,Re /rel p p n reld u =  which is based on the normal component of the 

particle relative velocity and 
,n effe  is the normal effective COR for an immersed collision. Here 

,n drye = 0.86 and 
e = 1.5 μm are used as values. 

 

Walton’s hard-sphere model [126] describes how to obtain the dynamic friction coefficient 

and the tangential COR by plotting the tangent of the rebound angle as a function of the 

tangent of the incidence angle, which are given by: 
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Here the subscript a and b denote the center positions of the two particles, and c as the 

contact point of the two particles. The superscripts + and – represent the before after collision 

properties, respectively. The normal unit vector is defined as ( ) /a b a b= − −n x x x x  and the 

tangential unit vector as ( )( ) ( )/ab ab ab ab

− − − −= −  − t v n v n v n v n , with the relative particle 

velocity at the contact point as 
, ,ab a c b c= −v v v . 

In order to determine the COR from our experiments we used the experimental results from 

figure 76 with 5 mm PVC-U and POM particles colliding with each other. For sticking collisions 

(II) 

 ,after t eff beforee = −  , (50) 

and for sliding collisions (III) 
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In figure 78 the results of 
before  and 

after  from 40 experimental collisions between POM 

and PVC-U particles are displayed. Here 
after  was found to be positive, which implies a sliding 

regime (III) [122] during collisions. A linear fit was performed through the datapoints starting 

from the origin fitted to equation (51). This results in a 
eff  between 0.004 and 0.008, 

depending on the values of 
,n effe calculated by equation (47), with an average value for 

eff of 

0.005, which was used in the numerical model [71]. 

 

 
Figure 78: Tangent of rebound angle, 

after , plotted versus the tangent of the angle of incidence, 
before , 

calculated from the experiments presented in figure 76. 

 

4.4.6. Single non-spherical particles 
Apart from spherical particles also the dynamics of non-spherical particles was investigated 

in MnCl2. We used an oblate spheroid, disc 1 and disc 2 with their dimensions shown in table 

4. For this we again started by only releasing a single particle in the fluid tank and tracking its 

position. The results of these experiments can be found in figure 79 and figure 80 for PVC-U 

particles released at the bottom and POM particles released at the top of the fluid tank, 

respectively. Here again the numerical results show a good agreement with the experiments. 

Further, it can be seen in the figures that the oblate spheroid achieved the highest velocities 

followed by disc 1 and disc 2, respectively. This is explained by their difference in projected 

area to volume ratio. In our experiments it was observed that all particles move and settle in 

the same orientation with their largest area perpendicular to the vertical direction. Therefore 

the projected area is a function of the maximum diameter and this corresponds with a circle 

of 5 mm diameter for all particles. However, the total volume of the three particles is 

different, with the oblate spheroid having the highest volume and disc 2 the lowest volume 

which follows the same order as the particle velocities. 
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Figure 79: (a) Vertical position and (b) vertical velocity of non-spherical PVC-U particles, with the dimensions 
displayed in table 4, released from the bottom, compared with numerical results. 

 

 
Figure 80: (a) Vertical position and (b) vertical velocity of non-spherical POM particles, with the dimensions 
displayed in table 4, released from the top, compared with numerical results. 

 

4.4.7. Colliding non-spherical particles 
Also for the spheroids submerged in MnCl2 we carried out collisions experiments. Here we 

simultaneously released an oblate spheroidal POM particle at the bottom and an oblate 

spheroidal PVC-U particle at the top of the fluid tank with a minimum diameter of 2.5 mm 

and a maximum diameter of 5 mm. Figure 81 shows snapshots of such a collision. We 

repeated the experiment 4 times, which resulted in collisions with four different values of the 

LCD . The results of the tracking of these particles are displayed in figure 82 together with 

the numerical results. Here again the experimental results and numerical results are 

(a) (b) 

(a) (b) 
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synchronized at the moment of collision. Just after the collision the numerical results with the 

two highest LCD  values show a good agreement with the experiments. For the two lowest 

LCD values, however, this is not the case. This is probably caused by the simulations not 

being able to correctly calculate the horizontal orientation of the particles after the collision. 

Also, a difference in the equilibrium height for the POM particle was noted for the 

experiments. This equilibrium height is at position with a relatively low apparent mass density 

gradient, thus small fluctuations in mass density due to for example temperature differences 

result in relatively large equilibrium height changes. Although much care was taken to carry 

out the experiments, the presence of micro-bubbles of air attached to the particle could not 

be fully excluded. 

 
t = 3.64 s 

 

t = 3.79 s 

  

t = 3.93 s 

  

t = 4.07 s 

 

t = 4.21 s 

 
t = 4.36 s 

 

t = 4.50 s 

 

t = 4.64 s  

 

t = 4.79 s 

 

t = 4.93 s 

 
Figure 81: Snapshots of a spheroidal POM particle colliding with a spheroidal PVC-U particle at an LCD  of 

0.42 in MnCl2. 
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Figure 82: An oblate spheroidal POM particle and an oblate spheroidal PVC-u particle colliding with each other 

at various LCD  values and a comparison with the numerical results. 

 

In figure 82 the vertical position and vertical velocity are shown for two colliding oblate 

spheroidal particles. More experiments were performed in this setting to determine the 

collision delay time, which can be found in figure 83. In order to determine the settling time 

of a particle, we chose a threshold of a velocity below 0.38 mm/s and 1.0 mm/s, respectively. 

For a single particle that had no collision this settling time was determined to be 8.39±0.13 s 

and 7.44±0.32 s for a PVC-U and POM particle, respectively.  

 

For the POM particles the delay time shows a linear dependence on LCD  with the property 

that the smaller the LCD , the larger the collision delay time, with delay times varying 

between 1 s and 5 s. 

The PVC-U particle results show a step function behavior. Where an LCD  larger than 0.6 

results in slightly positive delay times, an LCD  below 0.6 shows a negative delay time of 

around -1.3 s. These negative delay times are possible due to high overshoot and oscillation 

in the single particle experiment, while a colliding particle already loses a part of its kinetic 

energy at its collision. Also the orientation of the particle, which decreases the projected area 

and therefore results in a higher acceleration of the particle after the collisions helps 

decreasing the delay time of a collision.  
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Figure 83: Results of the collision delay time of a POM and PVC-U oblate spheroidal particle. On the left (a) the 
collision delay time of a POM particle and on the right (b) that of a PVC-U particle. 

 

4.4.8. Orientation of colliding non-spherical particles 
To better understand what happens with the oblate spheroids when they collide we have 

taken the raw video data of figure 82 and postprocessed this to obtain the orientation of the 

particles. The results of this are presented in figure 84 for a sinking PVC-U particle and a rising 

POM particle with various LCD  values. We quantify the particle orientation by the angle of 

the particles relative to the horizontal plane, with an angle of 0° being horizontally aligned 

and thus having the largest projected area and 
ct  the time of collision at which all results are 

synchronized. 

Both PVC-U particles and POM particles are oriented with their largest area perpendicular to 

the vertical direction (angle 0°) before collision and show a huge increase of the angle after 

collision. The change in orientation is larger for the POM particles than for the PVC-U particles. 

For the POM particles the angle does not return to its original value, while it does for the PVC-

U particles. This is probably caused by the POM particles having a relatively low apparent 

Galileo number. For all particles it can be observed that the lower the LCD  value, the higher 

the angle after collision. 

 

  

(a) (b) 
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Figure 84: Angle of oblate spheroids after collision for various LCD  values with (a) sinking PVC-U and (b) 

rising POM. 

 

4.5. Conclusion  
An experimental set-up with a tank that contains a fluid with an apparent mass density range 

in the vertical direction from 1400 kg/m3 till 1700 kg/m3 was made, while in the horizontal 

plane a gradient of apparent mass density was almost absent. This was accomplished by using 

a magnetic field gradient and a paramagnetic MnCl2 solution. Using dedicated camera 

equipment and tracking software, PTV was made possible. This set-up was first validated with 

experiments of plastic particles submerged in water and was found to be working correctly. 

Using chemical aids we manufactured our own relatively inexpensive MnCl2 solution which 

properties are in good agreement with scientific literature. The great advantage of this fluid 

is that it is optically transparent, which is needed for PTV. 

The magnetic field of our Halbach magnet system was determined using COMSOL software. 

The computed magnetic field was found to be in agreement with the measured field and, 

furthermore the height dependent buoyancy properties match the experimental data for 

floating plastic particles. 

Time dependent particle paths with single spherical particles in water are in good agreement 

with the numerical model where buoyancy, drag, history and added mass force are taken into 

account. The history force is relevant for simulating the particle motion correctly. 

Particle-fluid-particle dynamics with spherical colliding particles in water show that the 

collision leads to a time delay that is dependent on the centralization alignment parameter (

LCD ) of the particles. The time delay due to a collision can be as large as 0.4 s. Collisions are 

well predicted by the model if the history force is taken into account. 

Single particle experiments with spheres in the paramagnetic MnCl2 fluid have been 

performed. Overall good agreement was found with the numerically computed trajectories. 

It turned out that the history force has a significant influence and must be taken into account 

to obtain good agreement with the experimental trajectories. The settling time for single 

(a) (b) 
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particles can be as large as 6 s, due to oscillations of the particle towards its equilibrium 

position in the magnetic field. It must be remarked that the dynamic viscosity of MnCl2 is six 

times larger than water, which is another factor that contributes to the larger settling time. 

For the collision experiments with spheres in the MnCl2 liquid, it was found that the 

agreement between experiment and model is good. A lower LCD  results in a larger delay 

time, with delay times varying between 0 s and 5 s. That these delay times are generally larger 

must also be attributed to the six times larger dynamic viscosity of MnCl2 with respect to 

water. Furthermore the oscillation of a particle around its equilibrium height could explain a 

higher settling time. The critical diameter, which predicts oscillating behavior of the particle 

and was calculated to be around 2.5-3 mm, was consistent with our experimental results. The 

acceleration and velocity of a particle was strongly dependent on the apparent Galileo 

number. At a higher apparent Galileo number, a larger acceleration and a larger velocity of 

the particle was found during its complete trajectory. 

For the coefficient of restitution (COR) results were found for 
fric  between 0.004 and 0.008, 

depending on the values of 
,n effe , with an average value of 0.005, which was used in the 

numerical model. 

Experiments with single ellipsoidal particles and discs were carried out. The numerical code 

can predict the trajectories of these particles well, provided that the correct form drag is 

applied in the model. It was observed that the particles always move in horizontal orientation, 

meaning that the plane with the largest cross section is always horizontal, and also the largest 

particle drag occurs. The shape of the particle likewise had an effect on the reached velocities. 

Here the ratio of the projected area versus the particle volume was of importance. A low ratio 

(thin disc) for a constant volume results in lower velocities. 

Collison experiments with ellipsoidal particles were reasonably well predicted by the model. 

The main difficulty is that these particles tend to rotate during the collision leading to less 

well predicted behavior. Collision delay times were measured in the range from -1.5 s to 5 s 

for these experiments. 
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5. Conclusions and recommendations 
In this final chapter we summarize the conclusions of the three main chapters. Furthermore 

we discuss the recommendations for MDS and give an outlook for future research on this 

matter. 

 

5.1. Chapter 2: Turbulence decay rate in the triple wind tunnel 
The velocity and turbulence intensity profiles in the triple wind tunnel were measured with 

LDV. For the measurements behind the splitter plates a Strouhal number value of 0.15 was 

found for Reynolds numbers above 200. Below that Reynolds number, if a Strouhal number 

could be found at all, it was below 0.03. 

Measurements on the center line of a honeycomb cell in downstream direction show a decay 

of the mean velocity to a constant value after approximately 20 cell diameters for Re<2000 

when the cell flow is laminar, whereas for turbulent flow at Re>2300 this decay happens in 5-

10 cell diameters. The detailed behavior depends on the porosity of the honeycomb; for 

instance thick honeycomb walls increase the turbulence intensity downstream the 

honeycomb. 

The measurements along the centerline show a peak in turbulence intensity with peak values 

up to 30% at a characteristic distance between 5 and 20 dimensionless distances downstream 

of the honeycomb. There is a clear trend that the lower the Reynolds number, the further 

downstream the turbulence intensity peak occurs. An important conclusion is that 

honeycombs both reduce and generate turbulence. 

Merging flows with cross-sectional average velocities that differ by more than 10%, create a 

higher turbulence intensity and a second peak in turbulence intensity. 

 

Power law fits for the turbulence intensity in the so-called near wake for 0<x/Dh<40 show that 

the turbulence intensity is well described by the following relation: 2 20
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with p-2, and A1. 

 

5.2. Chapter 3: Turbulence decay rate in the single wind tunnel 
The velocity and turbulence intensity profiles in the single wind tunnel were measured with 

PIV and compared with numerical simulations based on DNS. Here we found that the results 

of the experiments and the numerical method are in good agreement.  

At a honeycomb cell Reynolds number >3930 the flow inside the honeycomb is turbulent, and 

the honeycomb cell Reynolds number is a good indicator for the development of the flow 

downstream of the honeycomb and scales with the hydraulic diameter of the honeycomb cell. 

When the flow inside the honeycomb is laminar, the individual velocity profiles gradually 

develop into a uniform flow. It was found that the length of the individual velocity profiles 

downstream of the honeycomb in the merging flow field, becomes shorter as the Reynolds 

number increases. In the turbulent regime this happens over a much shorter distance of 4 Dh. 

A similar trend was found for the turbulence intensity: the maximum in the turbulence 

intensity occurs at a similar position of the mixing position as the individual velocity profiles. 
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In all results the lower the Reynolds number, the further downstream the maximum 

turbulence intensity occurs. A Reynolds number between 1540 and 3930 results in the highest 

maximum turbulence intensity. 

The turbulence becomes homogeneous and isotropic just downstream of the maximum in 

the turbulence intensity. 

 

The turbulence decay was investigated in more detail with a least-squares fit method to an 

exponential decay relation. We used the maximum production rate of the turbulence kinetic 

energy (TKE) as an initial guess of the virtual origin to find a good estimate for the decay 

exponent, p. In the near-field we found values of p=-2.1 and p=-2.0 for the experimental and 

numerical results, respectively. 

 

5.3. Chapter 4: Particle-Fluid-Particle interaction 
The trajectories of moving and colliding particles have been tracked with PTV in our fluid tank 

filled with a magnetic liquid with a mass density gradient created by a non-uniform magnetic 

field. The results are compared with results of our numerical model based on a point-particle 

approach. Here we found that the positions and velocities of the spherical particles in the 

experiments are well predicted by the model, if the history force is taken into account. 

The critical diameter, which predicts oscillating behavior of the particle around its equilibrium 

height, was calculated to be around 2.5-3 mm, consistent with our experimental results. The 

acceleration and velocity of a particle are strongly dependent on the apparent Galileo 

number. At a higher apparent Galileo number, a larger acceleration and a larger velocity of 

the particle were found during its complete trajectory. 

For the coefficient of restitution (COR) an average value for 
eff  of 0.005 was found, which 

describes the dissipations of the kinetic energy of a collision and was used in the numerical 

model.  

Experiments showed that ellipsoidal particles and discs always move in horizontal orientation, 

meaning that the plane with the largest cross section is horizontal, and the projected area is 

at its maximum. Therefore, the shape of the particle also has an effect on its velocity. Here 

the ratio of the projected area versus the particle volume is of importance. A low ratio (thin 

disc) for a constant volume results in a lower acceleration and velocity. 

Collison experiments with ellipsoidal particles were reasonably well predicted by the model. 

 

5.4. Design recommendations for magnetic density separation (MDS) 
In order to obtain a rapid turbulence reduction downstream of the honeycomb, the 

honeycomb should have thin walls and the honeycomb cells should preferably have a small 

hydraulic diameter, while maintaining a Reynolds number below 2000 and avoid the 

transition zone. The turbulence is also reduced by transport belts located at the top and 

bottom of the flow, moving with the average velocity of the flow. It is advised to keep the 

average velocity of merging flows, equal, or at least the difference in their average velocities 

below 10%. 
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To predict the turbulence decay downstream of the turbulence intensity maximum, the 

following equation can be applied: 2 20
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The time delay caused by collisions plays an important role in the required residence time 

inside the MDS machine to obtain separation. In this respect an optimum should be found 

between the opposite effects of higher particle concentration, which leads to a higher 

throughput on one hand and an increased separation delay time on the other. The numerical 

model that is validated by our experiments, could give a good indication for the optimum 

concentration of particles. 

 

5.5. Outlook 
Within both of the research topics much progress is achieved, as is discussed in this thesis. 

Nevertheless, both research topics could be studied into more detail with additional 

experiments and could be combined into a single-setup. First, experimental results presented 

in this thesis for LDV, PIV and PTV could be extended, because this equipment is validated and 

working properly. For the triple wind tunnel a conveyor belt could be installed to mimic the 

situation of the MDS machine more closely. This is already partially done by a BSc student. In 

our fluid tank filled with a magnetic liquid the research on ellipsoidal and disk-shaped particles 

could be extended. Here the orientation of the main axes of the particle could be further 

studied to improve the numerical model. Consequently, flakes could also be used to come 

closer to the plastic particles in an MDS machine. In the fluid tank a BSc student also carried 

out preliminary experiments on spherical particles with a diameter of 10 mm. Here the 

experimental and numerical results were found to be in less agreement, and this needs 

further investigation.  

After that, the two research topics, turbulence reduction and particle-particle interaction 

could be combined into a new single set-up. Here a ‘towing tank’ could be manufactured 

where a honeycomb is moved through a water tunnel with a MnCl2 solution in it, creating a 

vertical mass density gradient, while simultaneously releasing multi-dispersed ellipsoidal 

particles and tracking these by PTV. A part of this set-up was already made available during 

this PhD project. A big Halbach array has been crafted with dimensions of 84x36x12 cm3 and 

a 4 m long linear rail is available, together with 4 cameras and software needed for PTV. Also 

the knowledge to make a large and cheap quantity of a MnCl2 solution is made available 

during this PhD project. Such an experimental PhD project continuation should be done 

together with a numerical PhD project to cross-validate numerical and experimental results 

as was done during this PhD project. In the end all the knowledge gathered during these PhD 

projects should be combined into a user-friendly prediction tool for MDS. 
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