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Abstract 
This research focusses on the development of a flow inside and behind a honeycomb, which is 
investigated in different ways. The goal of this research is to get a better understanding of the flow 
development inside and behind the honeycomb, so that the efficiency of the MDS (magnetic density 
separator) can be increased. This development of the flow is investigated with measuring velocity 
profiles and the turbulence intensity profile. These velocity profiles are measured at different 
velocities and at different locations inside the wind tunnel, before being compared to the simulated 
velocity profiles. The turbulence intensity profile is measured in the Reynolds region where the 
transition from a laminar to a turbulent regime takes place, which gives a clear insight at which 
Reynolds number this transition takes place. The turbulence intensity profile is also compared to the 
values found in the paper written by Owolabi et al. [1]. 
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1. Introduction 
Nowadays people are more and more concerned about the plastic pollution which fouls our planet. 
This plastic pollution can influence the ecosystems on land and in the sea; when plastics are dropped 
into the ocean, the plastic breaks down in so called micro plastics, which are toxic for sea life [2]. 
Plastic pollution which is eliminated with the use of combustion also contributed to the greenhouse 
effect, because carbon dioxide gasses are released during this process. There is so much plastic 
nowadays, that plastic has even been detected at the deepest point on the earth, the Mariana 
Trench [3]. To overcome the problem of the increasing plastic pollution and the combustion of 
plastic pollution, plastic needs to be recycled. A promising idea in the field of plastic recycling is the 
MDS (magnetic density separator), which separates plastics according to their different mass 
densities. 
 
To recycle plastic pollution, it has to be separated in different mass densities in order to make the 
recycled plastic useful again. Nowadays, plastic pollution consists of different types of plastic, which 
each have a different mass density. When this plastic pollution is recycled, the recycled plastic is 
impure, due to the different mass densities. This asks for a way to separate the plastic on a mass 
density basis. A MDS (magnetic density separator) machine is used to realize this mass density 
specific sorting . A picture of this separator is shown in figure 1. 
 

 
Figure 1 : Schematic overview of the magnetic density separator (MDS) [4]. 
 
At the left top of the MDS are plastic flakes entering the separator. These plastic flakes are about 
10 𝑚𝑚𝑚𝑚 in size and are submerged into a ferrofluid. Due to the magnet and the ferrofluid, the plastic 
flakes experience an attracting force (effective mass density field) which is directed towards the 
magnet. This force makes sure that the flakes with different mass densities experience different 
forces towards the magnet. This makes the separation of the flakes on the base of their mass density 
possible. When the flakes are separated, they are collected in the separator blades. At the end of the 
separator blades is the post processing process, where the plastics with different mass densities are 
collected and transported away. 
 
It is important to have a flow profile in the separation chamber which has a turbulence level as low 
as possible, otherwise the plastic flakes tend to mix with each other. This is the reason why there is a 
flow laminator used in the MDS machine. This laminator creates laminar flow profiles at the end of 
each plenum tube. The separation walls between the different flows can create turbulent vortices, 
which contribute to a turbulent flow. These separation walls can be big (walls between flow 
laminator and upper or lower flow) or small (walls between flow laminator flows). 
In the separation chamber, the upper, lower and plenum flows recombine to one flow profile. 
For a good MDS machine, the turbulence level must be as low as possible in the separation chamber 
in order to reach the optimal recycling efficiency.  
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During this project, the flow in the separation chamber is studied in a wind tunnel. This wind tunnel 
is made, such that the circumstances are similar in the wind tunnel as in the separation chamber of 
the MDS. This similarity of circumstances is made possible, because the Reynolds numbers inside the 
MDS machine are the same as those inside the wind tunnel. The flow laminator that is used in this 
research is a so called honeycomb. This honeycomb is a tube bundle consisting of small rectangular 
pipes.  
 
This report describes the flow properties inside the separation chamber of the MDS and at the end 
of the plenum tubes and compares those with the values according to the theory and a paper. 
 
In chapter 2, the theory of fluid dynamics will be discussed, which makes it possible to understand 
the results of the research. Chapter 3 discusses the experimental setup, which made it possible to do 
all the measurements. In chapter 4, the results of this research are discussed, which are displayed in 
tables and/or figures. Chapter 5 contains the conclusion and the discussion, which contains a 
summary of the results and suggests some options to improve measurements in further research. 
Chapter 6, at last, consists of the suggestions for further research. 
 
 
  
 
 
 
 

 

 

 

 

 

 

 

 

 

 
 



3 
 

2. Theory 
In this chapter, the background theory of fluid dynamics will be discussed. This will be used in this 
research to work out the results and to compare different results with each other. The research for 
this project was done in a wind tunnel where the flow exists out of pure nitrogen gas. The flow in the 
wind tunnel is similar to the flow in the MDS machine, because the Reynolds similarity was applied. 
In section 2.1, the Navier-Stokes equations will be explained. Those equations are the most 
important equations in the field of fluid dynamics, because they can be used to calculate all the flow 
properties. Section 2.2 contains all the theory which is used to explain and compare the results of 
the measured flow. In section 2.3, different topics will be discussed, which could cause instabilities in 
the flow. At last, a comparison will be made between the velocities inside the wind tunnel and the 
MDS machine. This comparison is made and worked out in section 2.4 
 

2.1 Navier-Stokes equations 
The equation that is the backbone for all the fluid and gas dynamics is the Navier-Stokes equation. 
Almost all the flow properties can be derived from the Navier-Stokes equation. The equation is a 
nonlinear partial differential equation. The Navier-Stokes equation for incompressible Newtonian 
fluids is shown in equation (2.1) 
 

 𝜌𝜌
𝜕𝜕𝒗𝒗
𝜕𝜕𝜕𝜕

+ 𝜌𝜌(𝒗𝒗 ⋅ 𝛻𝛻)𝒗𝒗 = −𝛻𝛻𝛻𝛻 + 𝜇𝜇𝛻𝛻2𝒗𝒗 + 𝒇𝒇 (2.1) 

 
where 𝜌𝜌 is the density in 𝑘𝑘𝑘𝑘 ⋅ 𝑚𝑚−3, 𝒗𝒗 is the velocity vector in 𝑚𝑚 ⋅ 𝑠𝑠−1, 𝜇𝜇 is the dynamic viscosity in 
kg ⋅ m−1 ⋅ 𝑠𝑠−1 and 𝒇𝒇 is the force vector that acts on the fluid inside the flow. There is also a 
differential equation which describes the conservation of mass during the flow, which is shown 
below in equation (2.2). 
 

 𝜕𝜕𝜌𝜌
𝜕𝜕𝜕𝜕

+ ∇ ⋅ (𝜌𝜌𝒗𝒗) = 0 
(2.2) 

 
For an incompressible fluid or a gas far below the speed of sound, the density 𝜌𝜌 is constant, which 
means that the equation for the conservation of mass can be reduced to ∇ ⋅ 𝒗𝒗 = 0. 
 

2.2.1 Reynolds number 
The Reynolds number (Re) is the most important dimensionless number for this research. 
The number is the ratio between the inertial forces and viscous forces in the flow. A high Reynolds 
number indicates that the inertial forces are dominant and a low Reynolds number indicates that the 
viscous forces are dominant in the flow.  
The Reynolds number is also used to predict flow patterns in different fluid flow situations. The 
formula that describes the Re, is given by equation (2.3) 
 

 𝑅𝑅𝑅𝑅 =
𝑈𝑈𝑈𝑈
𝜈𝜈

=
𝑈𝑈𝑈𝑈𝜌𝜌
𝜇𝜇

 (2.3) 

 
where 𝑈𝑈 is the mean velocity of the flow in 𝑚𝑚 ⋅ 𝑠𝑠−1, 𝑈𝑈 is the characteristic length scale of the object 
in 𝑚𝑚 and 𝜈𝜈 is the kinematic viscosity in 𝑚𝑚2 ⋅ 𝑠𝑠−1 . The value of 𝑈𝑈 is equal to the diameter (𝐷𝐷), 
considering a circular pipe flow. The dynamic viscosity (kg ⋅ m−1 ⋅ 𝑠𝑠−1) is related to the kinematic 
viscosity in the following way: 𝜈𝜈 = 𝜇𝜇/𝜌𝜌, where 𝜌𝜌 is the density of the fluid in 𝑘𝑘𝑘𝑘 ⋅ 𝑚𝑚−3. 
According to the literature [5], a pipe flow has different properties at different Reynolds numbers. 
The properties of the pipe flow at a certain Reynolds number are shown in table 1. 
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Table 1 : Reynolds numbers at which a pipe flow is laminar, in the transition zone and turbulent. 
𝑅𝑅𝑅𝑅 < 2300 2300 < 𝑅𝑅𝑅𝑅 < 4000 𝑅𝑅𝑅𝑅 > 4000 

Laminar flow Transition zone Turbulent flow 
 
Despite the fact that the Reynolds numbers from above apply to circular pipe flows, they should give 
the same results as the square duct flow from this research.  
 

2.2.2 Hydraulic diameter 
When there is a flow inside a circular pipe, the value of 𝑈𝑈 is equal to the diameter of the pipe. During 
this research, the flow flows through approximately rectangular cross sections. In this case, the value 
of 𝑈𝑈 is described with the value 𝐷𝐷ℎ, which is called the hydraulic diameter. The hydraulic diameter is 
described by equation (2.4) 
 

 𝐷𝐷ℎ =
4𝐴𝐴
𝑃𝑃

=
2ℎ𝑤𝑤
ℎ + 𝑤𝑤

 
(2.4) 

 
where 𝐴𝐴 is the cross sectional area of the pipe in 𝑚𝑚2, 𝑃𝑃 is the wetted parameter, which is equal to 
2ℎ + 2𝑤𝑤, 𝑤𝑤 is the width of the channel in 𝑚𝑚 and ℎ is the height of the channel in 𝑚𝑚. 
 

2.2.3 Viscosity 
In order to calculate the Reynolds number, different types of viscosity could be used. The relation 
between the kinematic and dynamic viscosity is 𝜇𝜇 = 𝜌𝜌 ⋅ 𝜈𝜈, as described in the previous section. The 
dynamic viscosity is temperature dependent, according to the Arrhenius model [6]. The formula is 
shown below 
 

 𝜇𝜇(𝑇𝑇) = 𝜇𝜇0 exp �
𝐸𝐸
𝑅𝑅𝑇𝑇

� (2.5) 

 
where 𝜇𝜇0 is a coefficient, 𝐸𝐸 is the activation energy in 𝐽𝐽, 𝑅𝑅 is the universal gas constant in  
𝐽𝐽 ⋅ 𝐾𝐾−1 ⋅ 𝑚𝑚𝑚𝑚𝑙𝑙−1 and 𝑇𝑇 is the temperature in Kelvin (𝐾𝐾).  
The gas that is used during this research is nitrogen. The value of 𝐸𝐸 for nitrogen is constant, so 𝜇𝜇 only 
depends on 𝑇𝑇. 
The experiments during this research were done around room temperature (293𝐾𝐾) and at 
atmospheric pressure 1 𝑎𝑎𝜕𝜕𝑚𝑚. The values of 𝜌𝜌 and 𝜇𝜇 at this temperature are 1.165 𝑘𝑘𝑘𝑘 ⋅ 𝑚𝑚−3 [7] and 
1.76 ∗ 10−5 𝑃𝑃𝑎𝑎 ⋅ 𝑠𝑠 [8]. 
 

2.2.4 Hydrodynamic entrance length 
A flow is fully developed when the average velocity profile does not change anymore as a function of 
distance downstream. This means that the flow profile will remain the same. The distance a flow 
needs to become fully developed is called the hydrodynamic entrance length. The entrance lengths 
for fully laminar and turbulent flows are different. For the laminar flow, the entrance length can be 
calculated with equation (2.6) [9]. 
 

 𝑈𝑈ℎ,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 0.05𝑅𝑅𝑒𝑒𝐷𝐷ℎ (2.6) 
 
The hydrodynamic entrance length for a turbulent flow is given in equation (2.7) 
 

 𝑈𝑈ℎ,𝑡𝑡𝑡𝑡𝑙𝑙𝑡𝑡𝑡𝑡𝑙𝑙𝑒𝑒𝑙𝑙𝑡𝑡 = 4.4𝐷𝐷ℎ(𝑅𝑅𝑒𝑒)1/6 (2.7) 
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where 𝑈𝑈ℎ is the laminar or the turbulent hydrodynamic entrance length in 𝑚𝑚 and 𝐷𝐷ℎ is the hydraulic 
diameter in 𝑚𝑚. 
 
The velocity profiles of the laminar and turbulent profiles look different. The laminar and turbulent 
flow profiles are shown in figure 2. 
 

 
Figure 2 : A parabolic (laminar) flow profile on the left and a turbulent flow profile on the right [10]. 
 
The laminar flow profile has a parabolic shape and the turbulent flow profile has a more flattened 
shape. The laminar flow profile emerges at low Reynolds numbers 𝑅𝑅𝑅𝑅 < 2300 and the turbulent 
flow profile emerges at high Reynolds numbers 𝑅𝑅𝑅𝑅 > 4000 [11]. The different flow patterns can be 
explained with the use of the Reynolds number. In both profiles, the velocity at the wall is 0 due to 
the no slip condition. In the laminar case, the viscous forces are dominant, which influences the flow 
at the walls. This gives rise to a laminar boundary layer. Due to the mass conservation, the flow in 
the middle will have a higher velocity than the velocity near the walls, because the flow in the 
middle is less affected by the viscous forces. In the turbulent case, the viscous forces are small, 
which implies that the flow is less affected by the viscous forces. This explains why the flow pattern 
of the turbulent flow profile is more flattened. 
 

2.2.5 Turbulence intensity 
In the field of fluid dynamics, the turbulence intensity is an important number. It describes how 
turbulent the flow is at a given point. The formula for the turbulence intensity is shown in equation 
(2.8) [12] 
 

 𝐼𝐼 =
𝑣𝑣𝑅𝑅𝑅𝑅𝑅𝑅
𝑣𝑣𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙

∗ 100 (2.8) 

 
where 𝐼𝐼 is the turbulence intensity in %, 𝑣𝑣𝑅𝑅𝑅𝑅𝑅𝑅 the RMS value of the velocity fluctuations in 𝑚𝑚 ⋅ 𝑠𝑠−1 
and 𝑣𝑣𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙 the mean velocity in 𝑚𝑚 ⋅ 𝑠𝑠−1. The 𝑣𝑣𝑅𝑅𝑅𝑅𝑅𝑅 is the RMS value of the total velocity, which 
means that the 𝑣𝑣𝑅𝑅𝑅𝑅𝑅𝑅 can be composed from the RMS values in each direction. This is shown in 
equation (2.9) 
 

 
𝑣𝑣𝑅𝑅𝑅𝑅𝑅𝑅 = �1

3 �
𝑣𝑣𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅2 + 𝑣𝑣𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅2 + 𝑣𝑣𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅2 � = �2

3
𝑘𝑘 

 

(2.9) 

where 𝑣𝑣𝑅𝑅𝑅𝑅𝑅𝑅𝑙𝑙 is the RMS value of the velocity in an arbitrary direction in 𝑚𝑚 ⋅ 𝑠𝑠−1 and 𝑘𝑘 is the so-
called turbulent energy in (𝑚𝑚 ⋅ 𝑠𝑠−1)2.  
The value of 𝑣𝑣𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙 is the total mean velocity, which means that 𝑣𝑣𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙 can be composed in the 
average velocities in each direction, which is shown in equation (2.10). 
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𝑣𝑣𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙 = �𝑣𝑣𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙𝑅𝑅

2 + 𝑣𝑣𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙𝑅𝑅
2 + 𝑣𝑣𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙𝑅𝑅

2  
(2.10) 

 
2.3.1 Kelvin-Helmholtz instability 
The Kelvin-Helmholtz instability can occur when there is a velocity difference between two fluid 
layers. The instability separates the fluid into two layers, but the discontinuity occurs in the middle 
of the two layers. This discontinuity in the tangential velocity induces vorticity at the interface. Due 
to this vorticity, the interface becomes an unstable vortex sheet [13]. An example of a Kelvin-
Helmholtz instability is the creation of vortices when two layers of air meet with each other, which is 
illustrated in figure 3. 
 

 
Figure 3 : Example of a Kelvin-Helmholtz instability [14]. 
 
During experiments, a Kelvin-Helmholtz instability can also occur when the flows from different 
channels recombine with each other, because the flows in each channel have slightly different 
velocity components. 
 
2.3.2 Karman vortex street 
In the field of fluid dynamics, a Karman vortex street is a repeating pattern of vortices, caused by a 
process which is called vortex shedding. This vortex shedding is responsible for the creation of 
vortices in a flow around blunt bodies. A schematic representation of a Karman vortex street is 
shown in figure 4. 
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Figure 4 : Karman vortex street behind a sphere [15]. 
 
A vortex street will only occur at certain flow velocities (Reynolds numbers). A fluid can only create a 
vortex street when 𝑅𝑅𝑅𝑅 > 90 [15].  
During this experiment, Karman vortex streets can occur behind the small honeycomb channel 
separation walls and the channel separation walls. The vortices behind the two channel separation 
walls will be larger than the vortices behind the thin honeycomb channel separation walls, because 
of the different thicknesses of the separation walls. 
These vortices combined with the Kelvin-Helmholtz instabilities can create interesting flow profiles 
and can be used to explain those flow profiles. 
 

2.4 Comparison to the MDS 
The wind tunnel which is used during this research is a scaled down version of the MDS. This means 
that the Reynolds number inside this wind tunnel is exactly the same as in the MDS. With that 
information, it is possible to calculate the velocity inside the MDS, for a given value of the velocity 
inside the wind tunnel. How this can be done, is shown in equation (2.11) 
 

 𝑣𝑣𝑅𝑅𝑀𝑀𝑅𝑅 = 𝑣𝑣𝑒𝑒𝑅𝑅𝑒𝑒
𝐷𝐷ℎ,𝑒𝑒𝑅𝑅𝑒𝑒

𝐷𝐷ℎ,𝑅𝑅𝑀𝑀𝑅𝑅

𝜌𝜌
𝜌𝜌𝑅𝑅𝑀𝑀𝑅𝑅

𝜇𝜇𝑅𝑅𝑀𝑀𝑅𝑅
𝜇𝜇

 
(2.11) 

 
where 𝑣𝑣𝑅𝑅𝑀𝑀𝑅𝑅 is the velocity in the MDS in 𝑚𝑚 ⋅ 𝑠𝑠−1, 𝐷𝐷ℎ,𝑅𝑅𝑀𝑀𝑅𝑅 is the hydraulic diameter of the MDS in 𝑚𝑚, 
𝜌𝜌𝑅𝑅𝑀𝑀𝑅𝑅 is the density of the ferrofluid used in the MDS in 𝑘𝑘𝑘𝑘 ⋅ 𝑚𝑚−3 and 𝜇𝜇𝑅𝑅𝑀𝑀𝑅𝑅 is the dynamic viscosity 
of the ferrofluid in the MDS in 𝑃𝑃𝑎𝑎 ⋅ 𝑠𝑠. 
To give a clear overview, the constants of equation (2.11) are shown in table 2, in which the 
constants for this research are based on nitrogen in gas form. 
 
Table 2 : Constants during this research and constants in the MDS. 

𝜌𝜌 𝜌𝜌𝑅𝑅𝑀𝑀𝑅𝑅 𝜇𝜇𝑅𝑅𝑀𝑀𝑅𝑅 𝜇𝜇 
1.165 𝑘𝑘𝑘𝑘 ⋅ 𝑚𝑚−3 1008 𝑘𝑘𝑘𝑘 ⋅ 𝑚𝑚−3 0.00105 𝑃𝑃𝑎𝑎 ⋅ 𝑠𝑠 1.76 ⋅ 10−5 𝑃𝑃𝑎𝑎 ⋅ 𝑠𝑠 

 
The values of 𝐷𝐷ℎ,𝑒𝑒𝑅𝑅𝑒𝑒 and 𝐷𝐷ℎ,𝑅𝑅𝑀𝑀𝑅𝑅 depend on what parts of the wind tunnel and the MDS are being 
compared with each other. In this section, the velocities in both channels downstream the 
honeycomb and the velocities in both honeycomb channels are compared with each other and 
written as a function of 𝑣𝑣𝑅𝑅𝑀𝑀𝑅𝑅 and 𝑣𝑣𝑒𝑒𝑅𝑅𝑒𝑒, where 𝑣𝑣𝑅𝑅𝑀𝑀𝑅𝑅 is the mean velocity inside a MDS section      
(𝑚𝑚 ⋅ 𝑠𝑠−1) and 𝑣𝑣𝑒𝑒𝑅𝑅𝑒𝑒 is the mean velocity inside a wind tunnel section (𝑚𝑚 ⋅ 𝑠𝑠−1). 
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The channel behind the honeycomb in the wind tunnel and the channel behind the honeycomb in 
the MDS 
The values of 𝐷𝐷ℎ,𝑒𝑒𝑅𝑅𝑒𝑒𝑒𝑒ℎ and 𝐷𝐷ℎ,𝑅𝑅𝑀𝑀𝑅𝑅𝑒𝑒ℎ are 74.4 𝑚𝑚𝑚𝑚 and 169.8 𝑚𝑚𝑚𝑚. This gives the following relation 
between the 𝑣𝑣𝑒𝑒𝑅𝑅𝑒𝑒𝑒𝑒ℎ and 𝑣𝑣𝑅𝑅𝑀𝑀𝑅𝑅𝑒𝑒ℎ 
 

 𝑣𝑣𝑒𝑒𝑅𝑅𝑒𝑒𝑒𝑒ℎ = 33.1 ⋅ 𝑣𝑣𝑅𝑅𝑀𝑀𝑅𝑅𝑒𝑒ℎ (2.12) 
 
The honeycomb channel in the wind tunnel and the honeycomb channel in the MDS 
The values of 𝐷𝐷ℎ,𝑒𝑒𝑅𝑅𝑒𝑒ℎ𝑒𝑒 and 𝐷𝐷ℎ,𝑅𝑅𝑀𝑀𝑅𝑅ℎ𝑒𝑒 are 9.45 𝑚𝑚𝑚𝑚 and 3.75 𝑚𝑚𝑚𝑚. This gives the following relation 
between the 𝑣𝑣𝑒𝑒𝑅𝑅𝑒𝑒ℎ𝑒𝑒 and 𝑣𝑣𝑅𝑅𝑀𝑀𝑅𝑅ℎ𝑒𝑒 
 

 𝑣𝑣𝑒𝑒𝑅𝑅𝑒𝑒ℎ𝑒𝑒 = 5.75 ⋅  𝑣𝑣𝑅𝑅𝑀𝑀𝑅𝑅ℎ𝑒𝑒 (2.13) 
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Experimental Setup 
In this chapter, the experimental setup will be discussed. An overview of the lab can be seen in 
figure 5, where all the parts of the lab are shown. The general parts of the lab, which do not need 
any deep explanation, are discussed in section 3.1. The most important parts of the lab and for this 
research were the lasers, the wind tunnel, the humidifiers and the honeycomb. Those will be 
discussed separately in part 3.2. These parts will also be explained in more detail than the other 
parts.  

 
3.1 Computers, cabinet and pressure tank 
Computer 1 contains the system which regulates the flow. This computer regulates the humidity, 
velocity and pressure. The humidity can be set in the top/bottom and middle channel separately, 
while the velocity can be set in each channel separately. The desired velocity that is put into the 
software is called the set velocity. The software of computer 1 is connected to the cabinet, where 
the most important parts are to generate the flow. The cabinet contains the water for the 
humidifiers, many cables, pipes and three different valves for creating the desired velocity.  
Those valves are used for the flow and velocity control in the wind tunnel. There is a small, medium 
and big valve. The small valve is used at low set velocities and the medium valve is used at higher set 
velocities. The big valve opens at a set velocity of 4.9 𝑚𝑚 ⋅ 𝑠𝑠−1 in the middle channel. However, the 
set velocity of 4.9 𝑚𝑚 ⋅ 𝑠𝑠−1 was never reached during this research, so the big valve is not used. At a 
set velocity of 1.0 𝑚𝑚 ⋅ 𝑠𝑠−1 in the middle channel, changes the small valve to the medium valve. 
Above a set velocity of 1.0 𝑚𝑚 ⋅ 𝑠𝑠−1 in the middle channel is the medium valve used for creating the 
flow. The percentage of opening of the medium valve is determined by the set velocity and the 
pressure. At higher pressures is the percentage of opening lower than at low pressures, considering 
the same velocity. The medium valve functions optimal when this percentage is between 20 and 80 
percent, which was always the case during this research. For creating the velocities in the upper and 
lower channel, only the small valves were needed, because the cross sectional areas of those 
channels are 5 times smaller compared to the middle channel. 
Computer 2 contains the software for the lasers and the traverse. With the use of the lasers, it is 
possible to calculate the different velocities inside the flow. More information about the laser and 
the measurement technique will be explained further on. With the software of the traverse, it is 

 

Figure 5 : Schematic top view of the lab [17]. 
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possible to move the laser in three different directions. The software also contains pre-written 
scripts, which made it possible for the laser to do full-automatic measurements. 
The cables in the cabinet are used for the connection between the water reservoir and the 
humidifiers. Pipes make sure that the created flow will go from the cabinet through the humidifiers, 
before going through the wind tunnel. The humidifiers lay on top of the wind tunnel and add water 
droplets to the nitrogen flow. One humidifier regulates the humidity in the middle channel, while 
the two other humidifiers regulate the humidity in the top and bottom channel. More about the 
humidifiers will be explained in section 3.3.4.  
The pressure is regulated by a pressure regulator and pressure tank, which dampens flow variations 
down to below 1%. Higher pressure is needed for higher velocities, but there is a limit to the 
velocity inside the wind tunnel; the flexible pipes, which connect the pressure tank with the cabinet, 
can only handle a pressure up to 5 𝐵𝐵𝑎𝑎𝐵𝐵.  
 

3.2.1 Wind tunnel 
The experiments of this research are done in the wind tunnel. The wind tunnel is connected with the 
humidifier and with the cabinet though 3 supply pipes. A schematic figure of the wind tunnel is 
shown in figure 6. 
 

 
Figure 6 : Schematic cross section of the wind tunnel where (1) consists of 3 arrows which each represent a pipe flow 
corresponding to a certain channel, (2) is channel 1 (top), (3) is channel 2 (middle), (4) is channel 3 (bottom) and (5) is the 
honeycomb. 
 
Figure 6 shows that the flow is entering the wind tunnel in three different channels. Those three 
channels are separately connected with the humidifier through pipes. This makes it possible to set 
the humidity of the middle channel and the upper plus lower channel separately. The upper channel 
is numbered with number 2, the middle channel is numbered with number 3 and the lower channel 
is numbered with number 4. The velocity can be set in each of these channels individually, but 
during this research all velocities in the individual channels are kept the same. Number 5 is the 
honeycomb, which consists of 35 almost squared pipes. At the end of the honeycomb, the flows of 
the honeycomb channels combine with the flows of channel 1 and 3. More about the honeycomb 
will be explained in section (3.2.2). The dimensions of the wind tunnel are shown in table 3. 
 
Table 3 : Dimensions of the wind tunnel. 

Length Full width Full height 
± 3000 𝑚𝑚𝑚𝑚 70 𝑚𝑚𝑚𝑚 80 𝑚𝑚𝑚𝑚 

 
Figure 7 shows a side view of the wind tunnel with its length. 
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Figure 7 : Side view of the wind tunnel. 
 
The honeycomb is located at 1000 𝑚𝑚𝑚𝑚 behind the flow entrance, which means that the flow can be 
measured up to 2000 𝑚𝑚𝑚𝑚 behind the honeycomb. The dimensions of the cross section of the wind 
tunnel are shown in figure 8. 
 

 
 

 
The velocities in channel 1, 2 and 3 upstream of the honeycomb are equal to the set velocities of 
each channel. The velocities inside the honeycomb channels and behind the honeycomb are not 
equal to the set velocity, because of the different cross sectional areas through which the flow flows. 
Considering the constant mass flow leaves the following relations between the set velocities 𝑣𝑣𝑠𝑠𝑒𝑒𝑡𝑡 
and the mean velocities inside a honeycomb channel 𝑣𝑣𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙ℎ𝑒𝑒 and downstream the honeycomb 
𝑣𝑣𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙𝑒𝑒ℎ. The relations which involve 𝑣𝑣𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙ℎ𝑒𝑒 during this research are based on the mean velocity 
inside a honeycomb channel of the honeycomb which is used during this research. This means that 
this value does not hold for other honeycombs. 
 

 𝑣𝑣𝑠𝑠𝑒𝑒𝑡𝑡 = 0.893 𝑣𝑣𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙ℎ𝑒𝑒 (3.1) 
   
 𝑣𝑣𝑠𝑠𝑒𝑒𝑡𝑡 =

8
7

 𝑣𝑣𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙𝑒𝑒ℎ (3.2) 

 

 

Figure 8 : Cross sectional image of the wind tunnel. 
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The Reynolds numbers are not everywhere the same inside the wind tunnel, because of the different 
hydraulic diameters at different locations. Table 4 shows the different Reynolds numbers inside the 
honeycomb and downstream of the honeycomb for different 𝑣𝑣𝑠𝑠𝑒𝑒𝑡𝑡 values. 
 
Table 4 : Reynolds numbers (honeycomb channel and channel downstream of the honeycomb) for different set velocities. 

𝑣𝑣𝑠𝑠𝑒𝑒𝑡𝑡  (𝑚𝑚 ⋅ 𝑠𝑠−1) 𝑅𝑅𝑅𝑅ℎ𝑒𝑒 𝑅𝑅𝑅𝑅𝑒𝑒ℎ 
0.1 70 432 
1.0 701 4325 
2.0 1401 8649 
3.0 2102 12974 

 

3.2.2 Honeycomb 
The honeycomb that is used during this research is the type HC50Gc (Appendix). All the 
measurements during this research are done with the same honeycomb inside the wind tunnel. The 
dimensions of the honeycomb are shown in figure 9. 

 
Figure 9 : Cross sectional mage of honeycomb HC50Gc. 
 
The height of the honeycomb is 49.4 ± 0.1 𝑚𝑚𝑚𝑚 and the width is 69.7 ± 0.1 𝑚𝑚𝑚𝑚. The honeycomb 
channels are 9.5 by 9.4 𝑚𝑚𝑚𝑚, which gives them a value of 𝐷𝐷ℎℎ𝑒𝑒 = 9.45 𝑚𝑚𝑚𝑚. The thickness of the 
walls is 0.4 𝑚𝑚𝑚𝑚, which creates the smaller flow area. The honeycomb fits exactly into the middle 
channel, which means that there is no flow loss around the outer walls of the honeycomb. It is 
possible to calculate the entrance lengths for turbulent and laminar flows inside a honeycomb 
channel, but for this research are only the laminar entrance lengths inside the honeycomb 
important, which are shown in table 5 for different 𝑣𝑣𝑠𝑠𝑒𝑒𝑡𝑡 values.  
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Table 5: Laminar entrance length inside a honeycomb channel for different Reynolds numbers 
𝑣𝑣𝑠𝑠𝑒𝑒𝑡𝑡  (𝑚𝑚 ⋅ 𝑠𝑠−1) 𝑈𝑈ℎ𝑙𝑙𝑙𝑙𝑙𝑙 (𝑚𝑚) 

0.1 0.033 
1.0 0.33 
2.0 0.66 
3.0 0.99 

 
The honeycomb is 500 𝑚𝑚𝑚𝑚 long, which means that not all the flow patterns will be fully laminar at 
the end of the honeycomb channels. 
 

3.2.3 Laser 
With the use of Laser Doppler Velocimetry (LDV), it is possible to do accurate point-measurements 
on the flow inside the wind tunnel. LDV is an optical measurement technique, which is also used 
during this research. In the lab, a full 3D TSI laser Doppler velocimeter is used. A schematic overview 
of the principle of a LDV setup is shown in figure 10. 
 

 
Figure 10 : LDF setup [16]. 
 
LDV is based on two or more laser beams which intersect with each other at an angle 𝜃𝜃. The probe 
volume, also called measurement volume, is the place where the two laser beams will intersect. The 
probe volume is typically a few 𝑚𝑚𝑚𝑚 long. At this place, the light intensity is modulated due to the 
interference between the laser beams. Due to this interference, places of low and high light intensity 
will emerge, so called fringes. The fringe distance can be described with equation (3.3) [16] 
 

 𝑑𝑑𝑓𝑓 =
𝜆𝜆

2 ⋅ 𝑆𝑆𝑆𝑆𝑆𝑆(𝜃𝜃2)
 

(3.3) 

 
where 𝑑𝑑𝑓𝑓 is the fringe spacing in 𝑆𝑆𝑚𝑚, 𝜆𝜆 is the wavelength of the laser light in 𝑆𝑆𝑚𝑚 and 𝜃𝜃 is the angle 
between the two laser beams.  
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Each particle scatters light proportional to the local intensity. The velocity information of the flow 
comes from the light that is scattered by the water droplet, when it crosses the probe volume. The 
scattered light contains a Doppler shift with a so called Doppler frequency (𝑓𝑓𝑑𝑑). This Doppler 
frequency is proportional to the velocity component perpendicular to the bisector of the two laser 
beams 𝑓𝑓𝑑𝑑 ∼ 𝑈𝑈⊥.  
When the scattered light is collected by a receiver lens, it is focused on a photo-detector. The photo 
detector makes sure that only the required wavelength passes to the photo-detector. The remaining 
wavelengths are filtered out by an interference filter. 
 
The photo-detector converts the fluctuating light intensity to an electrical signal, which is called the 
Doppler burst. Those Doppler bursts are filtered and amplified in the signal processor. This signal 
processor determines the 𝑓𝑓𝑑𝑑 for each particle. The fringe spacing, 𝑑𝑑𝑓𝑓, provides information about the 
distance traveled by the particle and the Doppler frequency 𝑓𝑓𝑑𝑑 provides information about the time 
needed to cover 𝑑𝑑𝑓𝑓. The expression for the velocity is then 𝑈𝑈⊥ = 𝑑𝑑𝑓𝑓 ⋅ 𝑓𝑓𝑑𝑑. 
Due to the constant frequency shift between the two lasers, the fringes move at a constant velocity. 
Particles which are not moving will generate a signal of this frequency shift, which is shown in figure 
11. 
 

 
Figure 11: Doppler frequency to velocity [16]. 
 
It can be seen that Doppler frequencies lower than the constant frequency shift are measured for 
particles that move in the negative direction. This makes it possible for the LDV to measure the 
velocity of the water droplets and to indicate if their velocity is positive or negative.  
In order to measure two velocity components, two extra beams can be added in a plane 
perpendicular to the two first two beams. 
During this research, all the three velocity components of the water droplet are measured. This can 
be done with the setup, which is shown in figure 12. 
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Figure 12 : Laser setup for measuring 3 velocity components [16]. 
 
All the 6 beams are intersecting in the same point, where the velocity is measured in the same way 
as for the one dimensional case. Each laser couple has a different wavelength, so that the 
components can be distinguished between each other. There are also three photo-detectors needed 
with the appropriate interference filters in order to detect the scattered light of the three 
wavelengths. 
 

3.2.4 Humidifiers 
The experimental setup contains three humidifiers; two for regulating the amount of tracer particles 
in the top and bottom channel and the other one for regulating the tracer particles in the middle 
channel. The humidifiers are made by UCAN systems consisting of 4 or 8 TDK ultrasonic nebulizers, 
which turn the water into water droplets. The two humidifiers in the top and bottom channels are 
the same and a schematic side view of such a humidifier is shown in figure 13. The humidifier 
installed in the middle channel looks similar to the humidifiers of the top and bottom channel but 
has a higher capacity and a wider channel. 

 
Figure 13 : Cross sectional view of a top/bot humidifier [17]. 
 
The humidifiers have been adapted in order to have a closed off flow over the water bath in the 
UCAN unit. The generated fog is taken up by the nitrogen flow and evaporates until a humidity of 
100% is reached. When a humidity of 100% is reached, the water droplets in the fog taken up by 
the nitrogen flow act as tracer particles. 
Those tracer particles make it possible to de measurements on the flow with the use of LDV. 
The humidity of the humidifier can be set manually in the program of computer 1, where the 
humidity of the upper and lower channels are the same. The set humidity represents the scale at 
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which rate the humidifier turns water into fog, which is not the same as the real humidity of the 
flow. 
The humidifiers work properly up to a certain temperature. When the water in the water reservoir 
reaches 31 °C, the humidifiers stop working and the data rate drops. This was only a problem at low 
velocities. To fix this problem, ice was added to the reservoir water, which kept the humidifiers cool 
during those measurements. 
 

  



17 
 

4. Results 
In this chapter, the results from this research will be shown. The results are used for a better 
understanding of the flow behavior inside the wind tunnel and will be shown in a chronological 
order. When needed, pictures about the location of the measurements are added. Those pictures 
give a clear indication of where the measurements were taken. 
 

4.1 Humidity check 
The data rate inside the wind tunnel is the amount of measurements the LDV does per second. The 
data rate during the measurements is a function of the concentration of tracer particles inside the 
wind tunnel, which can be controlled by the humidifiers. Getting a high data rate is recommended, 
however this can create a problem. When the concentration of tracer particles, which exist out of 
small water droplets, is very high, condensation against the walls of the wind tunnel starts to occur. 
This condensation will start to flood the wind tunnel during the experiments and can affect the flow 
and therefore the results. So, a balance has to be found in having an as high as possible data rate 
without flooding the wind tunnel. An experiment for this has been setup were we measured the 
minimal set humidity while still getting a data rate. This minimal set humidity was the lowest set 
humidity value, where the laser still diffracts onto the passing water droplets. The data rate, which is 
proportional to the concentration of tracer particles, remains the same during the whole 
experiment. The results of this experiment can later be used as guideline for further experiments. 
The relation between the minimal humidity values and the set velocity is shown in figure 14. 

Figure 14 : Minimal set humidity of the humidifier as a function of 𝑣𝑣𝑠𝑠𝑒𝑒𝑡𝑡. 
 
It can be seen that the relation between the set humidity of the humidifier and the set velocity is 
different for the humidifier in the top/bot channel than in the middle channel. The reason for this 
are the different shapes and capacities of the humidifiers. The humidifier for the middle channel has 
a higher capacity and width according to section 3.3.4. This higher width of the humidifier makes it 
harder for the flow to take along all the produced water particles. Also, this flow has a higher 
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capacity and thus combining those two differences causes a low laminar flow to leave most of the 
produced water particles inside of the humidifier. But when the flow increases and therefore 
becomes more turbulent, the amount of water particles the flow carries increases. For the top and 
bottom humidifiers it seems that the flow already carries along all the produced water particles. 
Therefore, an increase in set velocity means an increase in the total amount of volume that needs to 
be supplied with water droplets per unit of time. Hence an increase of the set humidity is needed to 
keep a constant data rate. 
During this measurement is the set humidity in the middle channel humidifier hold fixed at 11%, 
while the set humidity in the top/bot channel humidifiers is also hold fixed at 40%. The reason why 
the set humidity in the top/bot channel humidifiers is also hold fixed, comes from the unstable data 
rate at lower set humidity values. 
 

4.2 Velocity profile compared with simulation (0.2 m/s) 
In this section, the velocity profile is shown for a flow with a set velocity of 0.2 𝑚𝑚 ⋅ 𝑠𝑠−1. The velocity 
profile is also compared to a simulation, which is made with MATLAB. This simulation is based on a 
fully developed, rectangular flow, where the mean velocity can be set manually. The profile of the 
flow is measured along the 𝑧𝑧 − 𝑎𝑎𝑎𝑎𝑆𝑆𝑠𝑠 at 𝑎𝑎 = 1500 𝑚𝑚𝑚𝑚. The flow profile is measured two times, 
because during the first measurement, the humidifiers became too hot and stopped working. During 
the second measurement, ice was added to the humidifier feed water, which kept the humidifier 
working at a lower temperature. The velocity profiles and the theoretical velocity profile are shown 
in figure 15. 
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Figure 15 : Velocity profile with 𝑣𝑣𝑠𝑠𝑒𝑒𝑡𝑡 = 0.2 m/s measured 1500 mm behind honeycomb along the Z-axis. 
 
The cross sectional flow area upstream of the honeycomb is 4900 𝑚𝑚𝑚𝑚2, while the area downstream 
is 5600 𝑚𝑚𝑚𝑚2. This is a factor 7

8
, which means that the mean velocity, and so the MATLAB velocity are 

a factor 7
8
 of the set velocity, which is 0.175 𝑚𝑚 ⋅ 𝑠𝑠−1. 

It can be seen that both profiles have a lower maximum velocity than the theoretical values. The 
experimental profile also has a more flattened character, while the Reynolds number with this 
velocity is only 𝑅𝑅𝑅𝑅 = 865. This is in the laminar regime, which means that the velocity profile has to 
become parabolic further downstream. This can be confirmed, when looking at the laminar entrance 
length, which is 𝑈𝑈ℎ,𝑙𝑙𝑙𝑙𝑙𝑙 = 3229 𝑚𝑚𝑚𝑚. This means that the flow is not even close to its laminar 
entrance length, which explains its flattened shape. 
 

4.3 Velocity profile compared with different simulation velocities (0.1 m/s) 
In section 4.2, with a 𝑣𝑣𝑠𝑠𝑒𝑒𝑡𝑡 of 0.2 𝑚𝑚 ⋅ 𝑠𝑠−1, the laminar velocity profile was not yet visible due to the 
long entrance length. To check if there is still a laminar flow profile possible at the end of the wind 
tunnel, the same measurement as in section 4.2 is done, but now with a 𝑣𝑣𝑠𝑠𝑒𝑒𝑡𝑡 of 0.1 𝑚𝑚 ⋅ 𝑠𝑠−1.  
There is a problem however, it is known that the upper and lower channel cannot create a 𝑣𝑣𝑠𝑠𝑒𝑒𝑡𝑡 of 
below 0.2 𝑚𝑚 ⋅ 𝑠𝑠−1, which means that only the middle channel can create a flow at this low velocity.  
The velocity profile is measured along the 𝑧𝑧 − 𝑎𝑎𝑎𝑎𝑆𝑆𝑠𝑠 at a distance of 1500 𝑚𝑚𝑚𝑚 behind the 
honeycomb. This velocity profile is also measured two times, because of the overheating of the 
humidifier. The velocity profiles with the theoretical profiles are shown in figure 16. 
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Figure 16 : Velocity profile with 𝑣𝑣𝑠𝑠𝑒𝑒𝑡𝑡 = 0.1 m/s measured 1500 mm behind honeycomb along Z-axis. 
 
The black graph shows the theoretical values with a 𝑣𝑣𝑠𝑠𝑒𝑒𝑡𝑡 = 0.1 𝑚𝑚 ⋅ 𝑠𝑠−1, where the velocity is only 
set in the middle channel. The blue points indicate the measurement that has been done without 
the stops. It can be seen that the experimental values are now higher than the theoretical values. 
The reason for this still has to be determined.  
The cross sectional flow area upstream of the honeycomb is now 3500 𝑚𝑚𝑚𝑚2, while the area 
downstream is 5600 𝑚𝑚𝑚𝑚2. This means that the mean velocity at 𝑎𝑎 = 1500 𝑚𝑚𝑚𝑚, and so the MATLAB 
velocity, is a factor 5

8
 of the set velocity, which is 0.0625 𝑚𝑚 ⋅ 𝑠𝑠−1. 

It can be seen that the velocity profile looks parabolic, which is an indication of a laminar-like flow. 
The Reynolds number for this velocity is 𝑅𝑅𝑅𝑅 = 432, which indeed corresponds to a laminar flow 
pattern. The entrance length at this Reynolds number is 𝑈𝑈ℎ,𝑙𝑙𝑙𝑙𝑙𝑙 = 1613 𝑚𝑚𝑚𝑚, which means that the 
flow is close to being fully-developed. This also explains the parabolic flow profile. 
The experimental value at 𝑧𝑧 = 0 𝑚𝑚𝑚𝑚 is 16 % higher than the theoretical value at the same point. 
This difference is substantial and cannot be neglected. Because of this difference, the velocity profile 
along the 𝑦𝑦 axis at 𝑧𝑧 = 0 𝑚𝑚𝑚𝑚 has also been measured at 𝑎𝑎 = 1500 𝑚𝑚𝑚𝑚 and is compared with the 
profile along the 𝑧𝑧 − 𝑎𝑎𝑎𝑎𝑆𝑆𝑠𝑠, which is shown in figure 17. 
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Figure 17 : Velocity profile with 𝑣𝑣𝑠𝑠𝑒𝑒𝑡𝑡 = 0.1 m/s measured 1500 mm behind honeycomb along Y-axis. 
 
This profile is similar to the profile along the 𝑧𝑧 − 𝑎𝑎𝑎𝑎𝑆𝑆𝑠𝑠, which was also expected due to the almost 
rectangular shape of the wind tunnel. In figure 17 can be seen that the experimental values are still 
higher than the theoretical values. The velocity at 𝑦𝑦 = 0 𝑚𝑚𝑚𝑚 should be equal to the velocity at point 
𝑧𝑧 = 0 𝑚𝑚𝑚𝑚, because that is the only point where the two velocity profiles overlap. The velocities at 
those points are: 𝑣𝑣𝑅𝑅=0 = 0.152 𝑚𝑚 ⋅ 𝑠𝑠−1 and 𝑣𝑣𝑅𝑅=0 = 0.145 𝑚𝑚 ⋅ 𝑠𝑠−1, which is a difference of 5%. This 
difference is substantial. The reason for this difference is the noise, which affects each measurement 
and makes sure that two identical measurements can never have the same output. 
When different mean velocities are put into the MATLAB script, the mean velocity of 0.075 𝑚𝑚 ⋅ 𝑠𝑠−1 
looks the most like the blue-dotted flow pattern of figure 16. This mean velocity of 0.075 𝑚𝑚 ⋅ 𝑠𝑠−1 is 
20 % higher than what the mean velocity should be, which is 0.0625 𝑚𝑚 ⋅ 𝑠𝑠−1. The comparison 
between those two flow patterns is shown in figure 18. 
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Figure 18 : Velocity profile along Z-axis compared with 0.075 m/s simulation velocity flow profile 1500 mm behind 
honeycomb. 
 
It can be seen that the velocity profile is still not the same as the theoretical velocity profile with 
𝑣𝑣𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙 = 0.075 𝑚𝑚 ⋅ 𝑠𝑠−1. First of all, the top of the flow parabola is not at 𝑧𝑧 = 0 𝑚𝑚𝑚𝑚, but 
7 𝑚𝑚𝑚𝑚 below. The reason for this is probably gravity; water droplets inside the flow experience a 
gravitational force which is directed downward, which means that they are not measured at 𝑧𝑧 =
0 𝑚𝑚𝑚𝑚, but a bit lower.  
In this paragraph can be seen that every measurement value has a significant difference (15 − 20%) 
compared to its MATLAB value. These differences are probably due to a combination of valve control 
errors plus small offset errors in LDV equipment. 

4.4.1 Turbulence intensity measurement in the transition region 
This part of the results shows the turbulence intensity of the flow at different velocities inside the 
wind tunnel. The measurements are taken in the Reynolds region where the transition from a 
laminar flow to a turbulent flow takes place. In research before, the turbulence intensity was 
measured for a broad range of Reynolds numbers, but there were never detailed measurements in 
the transition region itself. The measurements were taken 5 𝑚𝑚𝑚𝑚 behind the honeycomb in the 
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middle of the wind tunnel, which means that the flow pattern can be considered the same as in a 
channel at the end of the honeycomb. 

 
The values of the turbulent intensity are measured for the set velocities ranging from 
2.0 − 3.5 𝑚𝑚 ⋅ 𝑠𝑠−1, with steps of 0.1 𝑚𝑚 ⋅ 𝑠𝑠−1, in increasing and decreasing order. To give a clear 
indication at which Reynolds numbers the transition from a laminar to a more turbulent flow takes 
place, the set velocities are converted into the corresponding Reynolds numbers. Despite the fact 
that the measurements took place 5 𝑚𝑚𝑚𝑚 behind the honeycomb, the Reynolds numbers are based 
on the hydraulic diameter of the honeycomb channels. The turbulence intensity is measured as a 
function of increasing and decreasing velocities, which can be seen in figure 19. 

 
Figure 19 : Turbulence intensity as a function of Reynolds number. 
 
It can be seen that the profile of the turbulence intensity as a function of increasing Reynolds 
numbers differs from the profile with decreasing Reynolds numbers. At increasing velocities, the 
turbulence intensity starts to increase at lower Reynolds numbers, compared to the profile with 
decreasing velocities. The peak of the turbulence intensity at increasing velocities also occurs at a 
lower Reynolds number, compared to the turbulence intensity peak of the decreasing velocities. 
In the rest of this research, the turbulence intensity profile of the increasing velocity is used, because 
during measurements, the velocity goes from a low to a higher value. 
The transition from a laminar to a turbulent flow starts around 𝑅𝑅𝑅𝑅 = 1750, where the turbulence 
intensity starts increasing. It cannot be said at which Reynolds number there is self-sustaining 
turbulence, because there is not enough data at higher Reynolds numbers. At 𝑅𝑅𝑅𝑅 = 2300, the 
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turbulence intensity has a peak value around 11%. This peak value tends to decrease at 𝑅𝑅𝑅𝑅 > 2300. 
This means that the transition region starts at 𝑅𝑅𝑅𝑅 = 1750 and ends at 𝑅𝑅𝑅𝑅 > 2300. This is not 
completely in agreement with the theoretical values for the transition Reynolds numbers, which 
state that the flow is laminar for 𝑅𝑅𝑅𝑅 < 2300 and that the transition from a laminar to a turbulent 
flow takes place between 2300 < 𝑅𝑅𝑅𝑅 < 4000. Factors which could influence this difference are the 
assumptions that the flow inside a honeycomb channel is a square duct- flow, while the values from 
the literature are based on a circular pipe flow. Another cause for the difference could be the 
assumption that the velocity profile 5 𝑚𝑚𝑚𝑚 behind the honeycomb is exactly the same as the profile 
at the end of a honeycomb channel, which is of course, not completely the case.  

 
4.4.2 Comparison with paper 
This part contains a comparison between data measured in section 4.4.1 and the data from Owolabi 
et al. (2016) [1]. This means that the measurements were taken 5 𝑚𝑚𝑚𝑚 behind the honeycomb in the 
middle of the wind tunnel and that flow pattern can be considered the same as in a channel at the 
end of the honeycomb. In the paper from Owolabi et al., the measurements were taken in the 
middle of an empty, rectangular wind tunnel, with a fully-developed laminar flow. 
This comparison will be made clear with the use of graphs where the turbulence intensity and the 
mean stream wise velocities < 𝑈𝑈 > normalized by the bulk velocity 𝑈𝑈𝑡𝑡 are measured as a function 
of the Reynolds number. Both relations between the turbulence intensity and the Reynolds number 
are shown in figure 20. 

 
Figure 20 : Turbulence intensity as a function of the Reynolds number [1]. 
 
It can be seen that the turbulence intensities from Owolabi et al. (red dots) remain constant at a 
value of ±2.5 % up to a Reynolds number of 𝑅𝑅𝑅𝑅 = 1000. This means that the flow can be 
considered laminar at 𝑅𝑅𝑅𝑅 ≤ 1000. In the range from 1000 < 𝑅𝑅𝑅𝑅 < 1400, the turbulence intensity 
goes up and down with a peak value of 9.6 % at 𝑅𝑅𝑅𝑅 = 1100. The flow is in transition from a laminar 
profile to a more turbulent profile in this range. From 𝑅𝑅𝑅𝑅 > 1400, the turbulence intensity remains 
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almost constant with a value of ±5.5 %, which means that the flow has self-sustaining turbulence at 
𝑅𝑅𝑅𝑅 ≥ 1400. 
The turbulence intensity profile of this research (black dots) is almost the same profile as the blue 
dotted profile in section 4.4.1, but some values were added from research of a previous student, K. 
Kuiper [18]. These extra values were added to get a broader range of Reynolds numbers. The 
Reynolds numbers corresponding to the different flow regimes are the same as in section 4.4.1. 
While the two profiles differ a lot, there are also some similarities; both profiles have a constant 
turbulence intensity up to a certain Reynolds number and they also have a region where the 
turbulence intensity has a peak value and then decreases. 
 
Both values of < 𝑈𝑈 >/𝑈𝑈𝑡𝑡 can also be plotted as a function of the Reynolds number, which is done in 
figure 21 . The mean stream wise velocity < 𝑈𝑈 > is just the measured velocity at the middle of a 
honeycomb channel, and the 𝑈𝑈𝑡𝑡 is the mean velocity inside a honeycomb channel. 

 
Figure 21 : <U>/Ub as a function of the Reynolds number [1]. 
 
According to the analytical solution of a fully-developed laminar flow, the value of < 𝑈𝑈 >/𝑈𝑈𝑡𝑡 should 
remain constant in the laminar flow regime (𝑅𝑅𝑅𝑅 ≤ 1000), which is indicated with the red line. The 
experimental data from the paper (red points) show that this is not the case. The reason for this is, 
according to the paper, the Coriolis force, which influences the flow in the laminar regime and 
causes the difference between the < 𝑈𝑈 >/𝑈𝑈𝑡𝑡 points and the red line up to 𝑅𝑅𝑅𝑅 = 1000. There is also 
a drop in the < 𝑈𝑈 >/𝑈𝑈𝑡𝑡 values between 1000 < 𝑅𝑅𝑅𝑅 < 1400, which corresponds to the transition 
region between a laminar and turbulent flow. From 𝑅𝑅𝑅𝑅 ≥ 1400, in the turbulent flow regime, the    
< 𝑈𝑈 >/𝑈𝑈𝑡𝑡 values remain constant again. 
The < 𝑈𝑈 >/𝑈𝑈𝑡𝑡 values from this research should also have an almost constant value in the laminar 
flow regime, according to the analytical solution of a fully-developed laminar flow. This is not the 
case, because the values of < 𝑈𝑈 >/𝑈𝑈𝑡𝑡 do not have a constant value in the laminar regime (𝑅𝑅𝑅𝑅 ≤
1750). This deviation from a constant value is also due to the Coriolis force. It can be seen that there 
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is a similar-like drop in the values of < 𝑈𝑈 >/𝑈𝑈𝑡𝑡 which starts at 𝑅𝑅𝑅𝑅 = 1750. The transition from a 
laminar to a turbulent flow profile also starts at 𝑅𝑅𝑅𝑅 = 1750. 
From the data can be concluded that the deviation of the < 𝑈𝑈 >/𝑈𝑈𝑡𝑡 values from the analytical 
solution of a fully-developed laminar flow can be explained by the presence of the Coriolis force. 
Also can be concluded that the drop in the < 𝑈𝑈 >/𝑈𝑈𝑡𝑡 values is in the same Reynolds region as the 
transition region of a laminar to a turbulent flow. When the flow has become fully turbulent, the     
< 𝑈𝑈 >/𝑈𝑈𝑡𝑡 values remain constant again at a lower value than in the laminar case.  
 
The reason why the < 𝑈𝑈 >/𝑈𝑈𝑡𝑡 values and the turbulent intensity values of this research differ from 
the values according to the paper, is unknown. It can be seen that the two profiles in both graphs 
have a similar-like shape, but that the experimental graph is shifted to the right, which means that 
the flow regimes are in a different range of Reynolds numbers. 

 
4.5 Flow patterns at a set velocity of 2m/s 
In this part, the velocity and RMS profiles at different locations inside the wind tunnel are shown for 
a set velocity of 2 𝑚𝑚/𝑠𝑠. The flow profiles along the 𝑧𝑧 − 𝑎𝑎𝑎𝑎𝑆𝑆𝑠𝑠 of the wind tunnel were measured 
(5, 50, 100, 200, 500 and 1000 𝑚𝑚𝑚𝑚) behind the honeycomb. The different velocity profiles at those 
locations downstream the honeycomb are shown in figure 22. 
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Figure 22 : Velocity profiles along the Z-axis at different locations behind the honeycomb. 
 
Looking at the Reynolds number inside a honeycomb channel (𝑅𝑅𝑅𝑅 = 1401) and in the channel 
downstream the honeycomb (𝑅𝑅𝑅𝑅 = 8649) with a set velocity of 2 𝑚𝑚 ⋅ 𝑠𝑠−1, the behavior of the 
different flow profiles can be explained. Downstream of the honeycomb, vortex shedding occurs, 
which results in mixing. 
The vortices, which are created by the channel separation walls, are also visible in the velocity 
profile 5 𝑚𝑚𝑚𝑚 behind they honeycomb; at the level of the separation walls at −25 𝑚𝑚𝑚𝑚 and +25 𝑚𝑚𝑚𝑚 
are even negative velocities measured. Furthermore, the laminar profiles from the honeycomb 
channels are almost the same, because the mixing is not yet visible at 5 𝑚𝑚𝑚𝑚. 
Further inside the wind tunnel has the effect of the mixing become visible; the parabolic profiles 
originating from the honeycomb channels are symmetrically damped out due to the mixing (50 and 
100 𝑚𝑚𝑚𝑚) until they are no longer visible.  
The parabolic profiles of the honeycomb channels are no longer visible in the velocity profiles 
200, 500 and 1000 𝑚𝑚𝑚𝑚 behind the honeycomb. Also can be seen that the profiles of 200, 500 and 
1000 𝑚𝑚𝑚𝑚 are getting a more fattened shape further downstream. This means that the profile 
should become turbulent in the end, because 𝑅𝑅𝑅𝑅 = 8649. Calculations show that the turbulent 
entrance length is 𝑈𝑈ℎ,𝑡𝑡𝑡𝑡𝑙𝑙𝑡𝑡 = 1488 𝑚𝑚𝑚𝑚, which means that the flow should be fully turbulent at the 
end of the wind tunnel. 
To give a clear indication about what happens inside the wind tunnel, the RMS values at each 
distance downstream the honeycomb are shown below in figure 23. 
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Figure 23 : RMS profiles along the Z axis at different locations behind the honeycomb. 
 
At 5 𝑚𝑚𝑚𝑚 downstream the honeycomb, the RMS values are low and they have a saw like shape. This 
saw like shape originates from the honeycomb cells. The RMS values are the lowest at the places 
where the walls of the honeycomb cells are. Looking at the RMS profile 50 𝑚𝑚𝑚𝑚 downstream the 
honeycomb, can be seen that the mixing process has already started. There are two RMS peaks 
which coincide with the two channel separation walls. The RMS profile between those two peaks is 
almost the same as the 5 𝑚𝑚𝑚𝑚 profile, which is also the case in the velocity profiles. 
For the 100 𝑚𝑚𝑚𝑚 profile, the overall RMS values are relatively high, but the sharp RMS peaks are 
damped out at the top and bottom of the wind tunnel. Between the heights 15 and −15 𝑚𝑚𝑚𝑚 is the 
saw shaped structure of the RMS still visible, but with higher values than at 5 and 50 𝑚𝑚𝑚𝑚.  
The profiles of 200, 500 and 1000 𝑚𝑚𝑚𝑚 are almost the same and almost have the same RMS values 
along the 𝑧𝑧 − 𝑎𝑎𝑎𝑎𝑆𝑆𝑠𝑠. 
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5. Conclusion and discussion 
Conclusion 
Looking at the results from chapter 4, different conclusions can be made according to the data. The 
first conclusion that can be made is that the minimal set humidity of a humidifier in the top or 
bottom channel is only a function of the set velocities in those channels. The minimal set humidity of 
the middle humidifier is independent from the set velocity in the middle channel, because it remains 
constant at different set velocity values. 
Also can be concluded that the flow profile with a 𝑣𝑣𝑠𝑠𝑒𝑒𝑡𝑡 = 2.0 𝑚𝑚 ⋅ 𝑠𝑠−1 (𝑅𝑅𝑅𝑅 = 865) is not yet fully 
developed at the end of the wind tunnel, because the entrance length at this Reynolds number is 
𝑈𝑈ℎ,𝑙𝑙𝑙𝑙𝑙𝑙 = 3229 𝑚𝑚𝑚𝑚, which explains its flattened shape. 
At 𝑣𝑣𝑠𝑠𝑒𝑒𝑡𝑡 = 0.1 𝑚𝑚 ⋅ 𝑠𝑠−1, with 𝑅𝑅𝑅𝑅 = 432, the flow profile is laminar and has the characteristic parabolic 
shape at the end of the wind tunnel. This is in agreement with the calculations, because the 
entrance length at this Reynolds number is 𝑈𝑈ℎ,𝑙𝑙𝑙𝑙𝑙𝑙 = 1613 𝑚𝑚𝑚𝑚, which means that the flow is almost 
fully developed. However, the difference between the experimental and the theoretical flow profile 
is almost 16%, which is significant. 
According to section 4.4.1, the transition from a laminar to a more turbulent regime inside a 
honeycomb cell starts around 𝑅𝑅𝑅𝑅 = 1750, which is not in agreement with the value according to the 
literature [5]. 
Section 4.4.2 shows that in the transition regime between a laminar and turbulent flow, a drop in 
the < 𝑈𝑈 >/𝑈𝑈𝑡𝑡 values can be seen. This is also what is expected, because < 𝑈𝑈 > is lower in a 
turbulent like flow compared to a laminar flow; when the flow profile becomes more flattened, 
which is the case in the transition regime, the mean velocity , < 𝑈𝑈 >, goes down in the middle. 
The reason why the < 𝑈𝑈 >/𝑈𝑈𝑡𝑡 values differ from the analytical solution of a fully-developed laminar 
flow in the laminar regime can be explained by the Coriolis force. This is also explained in the paper 
written by Owolabi et al. [1], but the data from this research confirms this. The laminar regimes of 
the paper and this research are 𝑅𝑅𝑅𝑅 ≤ 1000 and 𝑅𝑅𝑅𝑅 ≤ 1750, which means that there is a significant 
difference between those number, which cannot be explained. 
According to the last section, 4.5, can be concluded that the effect of the honeycomb cells and the 
separation walls become less visible further inside the wind tunnel, due to the mixing that takes 
place. Also can be concluded that the flow profiles almost remain the same after the laminar 
honeycomb profiles are damped out. 
 

Discussion 
During this research, many factors could be responsible for the differences between the 
experimentally gathered results and the results according to the theory.  
First of all is gravity, due to gravity, the water droplets are moving downwards. This creates a 
measured flow profile which is shifted to the bottom of the wind tunnel. The effect of gravity on the 
flow occurs at lower velocities (𝑣𝑣𝑠𝑠𝑒𝑒𝑡𝑡 ≤ 0.2 𝑚𝑚 ⋅ 𝑠𝑠−1). 
The second and most important, is the systematic measurement error, which is largely responsible 
for the 15 − 20% measurement differences between the theoretical and experimental values. This 
error comes probably from the combination of valve control errors plus small offset errors in the 
LDV equipment. 
At last are the assumptions, which are assumed to be constant, but vary in the real world. The 
viscosity is assumed to be constant during this research, which means that the viscosity is assumed 
to have no temperature dependence. This is not the case, and this differs the Reynolds number: 
when taken the viscosity temperature dependence into account, the Reynolds number would differ 
up to a maximum of 2.1 % from the temperature independent solution. These values are calculated 
with a lab temperature which is between 20 and 28 °C. During this research the viscosity of nitrogen 
is used with a temperature of 20 °C. 
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Suggestions for further research 
For further research, it would be interesting to measure the flow profiles at different 𝑎𝑎 coordinates 
along the 𝑧𝑧 − 𝑎𝑎𝑎𝑎𝑆𝑆𝑠𝑠 at higher velocities inside the wind tunnel. It would be interesting to know what 
the effect of the mixing process is at higher velocities. Measuring at higher velocities was not 
possible during this research, because there was not enough time left.  
It could also be important to find out which errors are responsible for the 15 − 20% difference 
between theoretical and experimental values. This is a lot of work, because it is not exactly known 
which error or errors are responsible for these differences. 
At last, it would be important to do measurements with different types of honeycombs. It was also 
the idea that this was done during this research, but this was also not possible due to time issues. 
Measurements can also be done with honeycombs with different dimensions or honeycombs with 
different geometries; during this research is an almost squared honeycomb channel used, but the 
flow properties (hydraulic diameter) would change when the channels have different geometries. 
Other types of honeycombs can be found in the appendix. 
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Appendix 

 

Figure 24 : Overview of all the different types of honeycombs with their specifications  
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