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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

The major advantage of electrochemical machining (ECM) is the ability to machine materials regardless of their mechanical properties such as 
hardness or temperature resistance. This property of the ECM process makes it ideal for processing difficult-to-machine materials such as high-
performance nickel-based alloys and single-crystal alloys. However, it is difficult to predict a priori the appropriate tool electrode for a given 
workpiece contour. This is not only due to the constantly changing properties of the electrolyte during machining, but also to the transient 
nature of the working gap. To simplify tool design in ECM, a better understanding of the various phenomena that occur, such as gas formation 
and its propagation in the working gap, is necessary. This paper presents an experimental investigation of the transport of different gas bubble 
sizes during ECM by up-scaling the working gap according to the principles of similarity theory. The multiphase flow is analyzed using 3D 
particle image velocimetry, which will serve for validation of future simulation models. 
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1. Introduction 

Electrochemical machining (ECM) allows efficient 
machining of high-strength materials, such as nickel-based 
alloys, while ensuring high surface quality and no thermally or 
mechanically damaged rim zone in agreement with McGough 
and Rajurkar et al. [1,2]. Therefore, it is often used for the 
production of turbine components such as blades as reported 
by Klocke et al. and Reed [3,4]. However, its high economic 
potential is hampered by the time-consuming and costly 
development of tool geometries. According to Kunieda et al. 
to enhance the efficiency of such a process, numerical 
simulation-based approaches are used to reduce the number of 
experimental iterations [5]. Such a model was developed and 

successfully validated at the WZL by Klocke et al. and Zeis 
[6–8]. In ECM, the tool is fed under steady state conditions at 
the same rate at which the workpiece dissolves so that the 
electrode gap remains constant. As the tool geometry is fixed, 
the equilibrium-working gap determines final geometry of the 
workpiece (Fig. 1). Therefore, for a target geometry the tool is 
designed based on the prediction of the equilibrium-working 
gap. The size of this gap is directly linked to the electrolyte 
conductivity. Concerning the later, it depends on the process 
byproducts such as heat and hydrogen bubbles. Whereas high 
temperatures caused by Joule heating increase the 
conductivity of the electrolyte, a high hydrogen content 
achieves quite the opposite effect. However, they both 
increase downstream as the electrolyte is pumped to flush 
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electrode gap remains constant. As the tool geometry is fixed, 
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that the instantaneous flow field of the electrolyte can be 
analyzed using PIV measurements. 

Given the requirements of this measurement approach, a 
convenient working gap of about 10 mm is required, which 
corresponds to an up-scaled factor of about 100 of the actual 
ECM working gap. In accordance with the principle of 
similarity theory, the velocity of the electrolyte must be 
reduced by the same factor to keep the Reynolds number 
constant. Regarding the Reynolds number, this is chosen in 
the range of 750 < Re < 12,000, which corresponds to reduced 
velocities in the range of 0.075 to 1.2 m/s. As for hydrogen 
gas bubbles with typical diameters in the range of 0.001 - 
0.01 mm, they must be increased for the up-scaled setup to 
0.1 - 1 mm while the pressure drop must be reduced. Table 1 
shows a summary of the typical ECM process parameters and 
that for the up-scaled setup. Hydrogen bubbles that result 
from electrolysis in the real process cannot be realized in the 
same way for the up-scaled setup because of the required 
electrical power. In order to keep the ratio of the constituents 
of the multiphase flow identical to the real process, similar 
current densities are needed. Consequently, very large 
electrical currents would be required with respect to the up-
scaled configuration. However, for specific analysis small 
electrodes can be used with corresponding electrical power. 
Tchoupe et al. have already proposed and validated a seeding 
mechanism for gas bubbles of the required diameter that can 
be used as a substitute for electrolysis [17]. 

 
Table 1. Real process and optimized experimental parameters (up-scaled 
setup) 

Process parameters Real process Experimental values 

Working gap / (mm) 0.1 10 

Flow velocity / (m/s) 15 - 50 0.075 - 1.2 

Flow rate / (l/min) 0.45 - 15 45 - 1,500 

Bubble diameter / (mm) 0.001 - 0.01 0.1 - 1 

Pressure drop / (bar/m) 200 2∙10-4 

3. Experimental setup  

Fig. 3 shows a constructed and built prototype of the test 
bench. With a reduced length of 1.5 m the volume flow rate, 
which is the main variable, is to be controlled based on the 
inlet pressure. Simple estimates showed that a pressure loss of 
0.3 bar occurs over the length of the channel at an ECM-
typical Reynolds number of Re = 7500. Taking into account 
the hydrostatic pressure of the fluid within the inlet tank, this 
pressure difference is realized by a water level of about 30 cm 
above the channel inflow [16]. However, initial trials revealed 
that maintaining a given height is challenging such that an 
alternative means to control the flow was necessary. 

Fig. 4 shows the improved test bench for the investigation 
of the hydrogen evolution during machining in ECM. The test 
channel with a width of 200 mm yields an aspect ratio of 20:1 
with respect to the height of the working gap. Moreover, the 
total length of the test canal of 2 m with 1.2 m run before gas 
is seeded ensures that a fully developed flow is achieved. As 
for the gas bubbles, their quantity as well as their sizes can be 

varied. The walls of the test canal are made up of acrylic 
plates, which provide good optical access to the flow. Metal 
bars between the plates are used to keep the height of the 
channel constant. 

 

 

Fig. 3: Prototype of the channel flow facility 

A submersible pump drives the flow. Using a 
potentiometer, the electric voltage supplied to the pump is 
varied and therefore used to control the volume flow rate and 
hence the velocity of the electrolyte with much more 
simplicity and ease. The potentiometer is varied until the 
target volume flow rate is read on the rotameter. The fluid 
from the rotameter passes through a honeycomb structure 
which improves the flow uniformity in harmony with Durst et 
al. and Niederschulte et al. [18,19]. The flow channel is 
preceded by nozzle, which ensures a smooth transition from 
the circular to rectangular profile over a total length of 
400 mm. 

 

Fig. 4: Conceptual design of the improved test bench 

An aeration duct ensures complete elimination of trapped 
gas bubbles in the setup when starting the pump. In order to 
control the gas bubbles in the test canal, they must be 
extirpated at the end of the canal. This is achieved by placing 
the pump at a distance from the U-tube (Fig. 4). Temperature 
variations are readily implemented by inserting a water heater 
equipped with a thermostat. 
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them out of the working gap. Consequently, the local 
electrolyte conductivity and hence the local interelectrode gap 
vary in the direction of the electrolyte flow. In accordance 
with Hopenfeld, the challenge in the ECM tool design process 
is therefore the ability to predict these variations for a given 
set of operating conditions [9]. A costly iterative process often 
compensates for this such that ECM is mostly used in 
productions with large batch sizes [3]. 

 

Fig. 1: Material removal principle of electrochemical machining based on [6] 

In the following, several studies that investigate the gap 
phenomena in order to simplify tool development in ECM are 
presented. As mentioned above the use of simulation results of 
the ECM process has shown great potential in the prediction 
of the machining gap variation [5]. However, acceptable 
simulation results require adequate boundary conditions. To 
address this, Klocke et al. used a high-speed camera and 
thermography camera system to visualize the working gap 
phenomena [6]. A special arrangement with industrially 
relevant ECM conditions for this purpose was set up. 
Furthermore, their findings were used as input and validation 
of an interdisciplinary process simulation model based on the 
conservation equations. The results showed excellent 
accordance between the simulation and experimental results. 
Nevertheless, the simulation model was limited to a 2D 
geometry. Similarly, 2D simulations of the electrolyte flow in 
narrow openings during electrochemical machining were 
carried out by Klink et al. [10].  

Much earlier, Hopenfeld et al. also analyzed the gas-
electrolyte mixture using conservation laws [9]. For this, they 
assumed that the gas bubbles and the electrolyte form a perfect 
homogeneous mixture and have the same velocities. While 
their numerical results could predict quite accurately the 
trends of the conductivity of the electrolyte-gas mixture, they 
however could not formulate precise values for this. Tsuboi et 
al. investigated the behavior of hydrogen bubbles in the 
working gap [11]. They calculated the trajectories of the 
bubbles and analyzed their distribution in a 3D model for a 
compressor blade based on the assumption that the bubbles are 
of negligible weight and do not affect the fluid. For their target 
geometry, they could determine the regions where bubbles had 
high resident times. However, they did not relate these results 
to process variables like the material removal rate (MRR) or 
the local interelectrode gap. Boiling of the electrolyte caused 
by Joule heating often results in the formation of vapor 
bubbles. Shimasaki et al. analyzed this phenomenon for a 
setup with stationary electrodes [12]. For observation 
purposes, they used transparent electrodes. While they mostly 
consider bubbles formed because of boiling of the electrolyte, 

bubbles resulting from the chemical decomposition of the 
electrolyte are not considered. Moreover, machining was 
carried out with a stationary electrolyte, which is rarely used 
industrially. Saxena et al. used large scale particle image 
velocimetry to perform in-situ visualization of the working 
gap of the hybrid laser-electrochemical micromachining  [13]. 
This approach, which is of high potential, was mainly used to 
generate better understandings of the hybrid laser-
electrochemical micromachining process.   

From the above-described literature, it is clear that there are 
still some phenomena occurring in the interelectrode gap that 
have not been fully investigated or investigated with all 
influencing factors such as the multiphase flow field in 3D. 
Concerning the hydrogen propagation, it in turns depends 
among others on the flushing configuration (volume flow rate, 
etc.) and must be addressed. This paper presents an in-situ 
measurement approach of these phenomena. Considering the 
constraints imposed by its small nature, the working gap will 
be enlarged according to the principle of similarity theory 
which is based on Reynolds Number as suggested by Rommes 
et al. [14]. Measurements here are performed by optical means 
such as Particle Image Velocimetry (PIV), which is known to 
possess high spatial and temporal resolutions in line with 
Raffel et al. [15]. Such knowledge is inescapable for the 
development of an efficient modeling approach that can define 
the necessary operating parameters for an end-shape based on 
a given initial geometry using ECM and its variants (Fig. 2). 

 

Fig. 2: Concept of the decision model as suggested by Rommes et al. [16] 

2. Theoretical background 

In ECM, most of the phenomena that occur in the working 
gap strongly depend on the local hydrodynamic conditions. 
Therefore, proper understanding of the ECM process can 
hardly be achieved without profound understanding of the 
flow properties. Owing to its small nature (working gaps of 
0.05 to 0.5 mm), analysis of the flow of a typical ECM 
process is challenging. In order to circumvent this limitation, 
Rommes et al. proposed a novel concept for the investigation 
of the gap phenomena by up-scaling the working gap [16]. 
Scaling is based on the principle that two fluid flows will be 
identical if they have similar setups (similar shapes with 
different sizes) with identical boundary conditions and the 
same Reynolds number (similarity theory) [14]. The latter, 
which is the ratio of inertial to viscous forces of the flow, 
depends on the fluid’s material parameters. Up-scaling the 
gap allows access for a suitable light source and cameras such 
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that the instantaneous flow field of the electrolyte can be 
analyzed using PIV measurements. 

Given the requirements of this measurement approach, a 
convenient working gap of about 10 mm is required, which 
corresponds to an up-scaled factor of about 100 of the actual 
ECM working gap. In accordance with the principle of 
similarity theory, the velocity of the electrolyte must be 
reduced by the same factor to keep the Reynolds number 
constant. Regarding the Reynolds number, this is chosen in 
the range of 750 < Re < 12,000, which corresponds to reduced 
velocities in the range of 0.075 to 1.2 m/s. As for hydrogen 
gas bubbles with typical diameters in the range of 0.001 - 
0.01 mm, they must be increased for the up-scaled setup to 
0.1 - 1 mm while the pressure drop must be reduced. Table 1 
shows a summary of the typical ECM process parameters and 
that for the up-scaled setup. Hydrogen bubbles that result 
from electrolysis in the real process cannot be realized in the 
same way for the up-scaled setup because of the required 
electrical power. In order to keep the ratio of the constituents 
of the multiphase flow identical to the real process, similar 
current densities are needed. Consequently, very large 
electrical currents would be required with respect to the up-
scaled configuration. However, for specific analysis small 
electrodes can be used with corresponding electrical power. 
Tchoupe et al. have already proposed and validated a seeding 
mechanism for gas bubbles of the required diameter that can 
be used as a substitute for electrolysis [17]. 
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influencing factors such as the multiphase flow field in 3D. 
Concerning the hydrogen propagation, it in turns depends 
among others on the flushing configuration (volume flow rate, 
etc.) and must be addressed. This paper presents an in-situ 
measurement approach of these phenomena. Considering the 
constraints imposed by its small nature, the working gap will 
be enlarged according to the principle of similarity theory 
which is based on Reynolds Number as suggested by Rommes 
et al. [14]. Measurements here are performed by optical means 
such as Particle Image Velocimetry (PIV), which is known to 
possess high spatial and temporal resolutions in line with 
Raffel et al. [15]. Such knowledge is inescapable for the 
development of an efficient modeling approach that can define 
the necessary operating parameters for an end-shape based on 
a given initial geometry using ECM and its variants (Fig. 2). 

 

Fig. 2: Concept of the decision model as suggested by Rommes et al. [16] 

2. Theoretical background 

In ECM, most of the phenomena that occur in the working 
gap strongly depend on the local hydrodynamic conditions. 
Therefore, proper understanding of the ECM process can 
hardly be achieved without profound understanding of the 
flow properties. Owing to its small nature (working gaps of 
0.05 to 0.5 mm), analysis of the flow of a typical ECM 
process is challenging. In order to circumvent this limitation, 
Rommes et al. proposed a novel concept for the investigation 
of the gap phenomena by up-scaling the working gap [16]. 
Scaling is based on the principle that two fluid flows will be 
identical if they have similar setups (similar shapes with 
different sizes) with identical boundary conditions and the 
same Reynolds number (similarity theory) [14]. The latter, 
which is the ratio of inertial to viscous forces of the flow, 
depends on the fluid’s material parameters. Up-scaling the 
gap allows access for a suitable light source and cameras such 
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Fig. 7: Normalized root-mean-square velocity fluctuations at Re = 6,600 in 
comparison with DNS data at Re = 5,800 of Moser et al. [24] 

5. Summary and outlook 

An experimental setup for the study of the gap phenomena 
during the ECM process is presented. The setup enables 
different aspects of the process such as hydrogen bubble 
transport to be analyzed. Based on the contact electrode cell 
approach, a method is presented for an investigation of the 
influences of bubble sizes as well as flushing velocity and 
temperature on the conductivity of the electrolyte. Moreover, 
the suitability of PIV measurements based on a similar setup 
showed good agreement with the numerical results. Similarly, 
this approach can be used to validate forthcoming numerical 
methods. In the future, the setup will be extended to include 
movable walls that allow interaction between the liquid 
structure of the electrolyte and the workpiece. 
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The conductivity of electrolyte-gas bubble mixture is 
sensitive not only to temperature, but also to the ratio of the 
different constituents. As for the later, analytical methods for 
its investigation have being proposed by McGough and 
Thorpe et al. [1,20] but have hardly been validated due to the 
small working gap. With the current experimental setup, such 
models can now readily be validated. Fig. 5 shows an 
approach for the investigation of the influences of the gas 
transport in the working gap on the electrical conductivity of 
the multiphase flow. While the gas volume, which is seeded 
into the test channel at a known rate, is measured by optical 
means, the conductivity of the mixture is determined using the 
‘contact electrode cell’ approach as described by Otterson 
[21]. The application of an alternating voltage to the 
electrodes causes the ions in the fluid to be ‘excited’. As a 
result, an alternating ‘ionic current’ can be measured. Using 
Ohms law to determine the resistance of the electrolytic path 
the conductance, which is the reciprocal of the resistance, can 
be formulated.  

Although the cell constant, which is the ratio of the surface 
area of the electrodes to the distance between them, describes 
the geometry of the conductivity cell it is rarely derived from 
measured dimensions. Instead, the cell constant is determined 
based on the conductivity (S/m) measurement using a 
calibrated instrument and the conductance from the 
conductivity cell (S). Their ratio is the cell constant [21].  

 

Fig. 5: Electrolyte conductivity measurement approach  

4. PIV measurements of proposed experimental setup 

The main objective of the proposed setup is to develop a 
better understanding of the ECM process and to validate the 
simulations. On the one hand, the influence of different 
factors such as temperature and hydrogen bubbles on the 
conductivity of the electrolyte can be fully analyzed, and on 
the other hand, different simulation approaches of the process 
and its variants, not validated so far in congruence with Bergs 
et al. and Klocke et al. [22,23], can be realized. Be it the size 
and shape of the bubbles or the velocity components of the 
flowing electrolyte, this can be measured with high temporal 
and spatial resolutions by optical means such as Particle 
Image Velocimetry.  
In order to validate the feasibility of this measurement 

method, preliminary experiments were performed on a similar 
test bench. These experiments were carried out in a horizontal 
channel facility with a width of 200 mm and a channel height 
of h = 10 mm. The aspect ratio of the channel is 20:1, which 
guarantees a homogeneous mean flow distribution upstream 
of the test section and the gas bubble inlet. While the channel 
sidewalls are made of aluminum with Perspex inlets, the top 
and bottom walls are made of Perspex plates, providing 
optical access in the horizontal and vertical direction. A fully 
developed turbulent flow in the test section is provided by an 
inlet with a length of 1.000 mm, i.e., 100 channel heights. 

Fig. 6 shows the local mean velocity profiles for several 
streamwise positions varying from X / h = 98 to 107 upstream 
of the test section and along the center line Y / h = 0 of a 
channel facility with aspect ratio of 20:1. The measurements 
were performed for a bulk Reynolds number of Re = 6,600 
based on the channel height h using 2D/2C PIV. For 
comparison, the direct numerical simulation (DNS) results of 
Moser et al. [24] are also included in the plot. Note that the 
computations were carried out for a slightly different bulk 
Reynolds number of Re = 5,800. The experimental data of the 
channel flow facility and the DNS results collapse very well, 
evidencing the excellent agreement of the PIV measurements 
with the data from the literature. 

 

Fig. 6: Normalized mean velocity profiles upstream of the test section of a 
20:1 channel for a bulk Reynolds number of Re=6.600 measured with PIV in 

comparison to numerical results of Moser et al. [24] 

Fig. 7 shows a comparison of the measured root-mean-
square (rms) values of the fluctuation of the Cartesian velocity 
components at X/h = 103 for a bulk Reynolds number of Re = 
6,600 with the corresponding DNS results of Moser et al. at 
Re = 5,800, evidencing the fully turbulent flow of such a 
channel facility upstream of the test section [24]. 
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Fig. 7: Normalized root-mean-square velocity fluctuations at Re = 6,600 in 
comparison with DNS data at Re = 5,800 of Moser et al. [24] 

5. Summary and outlook 

An experimental setup for the study of the gap phenomena 
during the ECM process is presented. The setup enables 
different aspects of the process such as hydrogen bubble 
transport to be analyzed. Based on the contact electrode cell 
approach, a method is presented for an investigation of the 
influences of bubble sizes as well as flushing velocity and 
temperature on the conductivity of the electrolyte. Moreover, 
the suitability of PIV measurements based on a similar setup 
showed good agreement with the numerical results. Similarly, 
this approach can be used to validate forthcoming numerical 
methods. In the future, the setup will be extended to include 
movable walls that allow interaction between the liquid 
structure of the electrolyte and the workpiece. 
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sensitive not only to temperature, but also to the ratio of the 
different constituents. As for the later, analytical methods for 
its investigation have being proposed by McGough and 
Thorpe et al. [1,20] but have hardly been validated due to the 
small working gap. With the current experimental setup, such 
models can now readily be validated. Fig. 5 shows an 
approach for the investigation of the influences of the gas 
transport in the working gap on the electrical conductivity of 
the multiphase flow. While the gas volume, which is seeded 
into the test channel at a known rate, is measured by optical 
means, the conductivity of the mixture is determined using the 
‘contact electrode cell’ approach as described by Otterson 
[21]. The application of an alternating voltage to the 
electrodes causes the ions in the fluid to be ‘excited’. As a 
result, an alternating ‘ionic current’ can be measured. Using 
Ohms law to determine the resistance of the electrolytic path 
the conductance, which is the reciprocal of the resistance, can 
be formulated.  

Although the cell constant, which is the ratio of the surface 
area of the electrodes to the distance between them, describes 
the geometry of the conductivity cell it is rarely derived from 
measured dimensions. Instead, the cell constant is determined 
based on the conductivity (S/m) measurement using a 
calibrated instrument and the conductance from the 
conductivity cell (S). Their ratio is the cell constant [21].  

 

Fig. 5: Electrolyte conductivity measurement approach  

4. PIV measurements of proposed experimental setup 

The main objective of the proposed setup is to develop a 
better understanding of the ECM process and to validate the 
simulations. On the one hand, the influence of different 
factors such as temperature and hydrogen bubbles on the 
conductivity of the electrolyte can be fully analyzed, and on 
the other hand, different simulation approaches of the process 
and its variants, not validated so far in congruence with Bergs 
et al. and Klocke et al. [22,23], can be realized. Be it the size 
and shape of the bubbles or the velocity components of the 
flowing electrolyte, this can be measured with high temporal 
and spatial resolutions by optical means such as Particle 
Image Velocimetry.  
In order to validate the feasibility of this measurement 

method, preliminary experiments were performed on a similar 
test bench. These experiments were carried out in a horizontal 
channel facility with a width of 200 mm and a channel height 
of h = 10 mm. The aspect ratio of the channel is 20:1, which 
guarantees a homogeneous mean flow distribution upstream 
of the test section and the gas bubble inlet. While the channel 
sidewalls are made of aluminum with Perspex inlets, the top 
and bottom walls are made of Perspex plates, providing 
optical access in the horizontal and vertical direction. A fully 
developed turbulent flow in the test section is provided by an 
inlet with a length of 1.000 mm, i.e., 100 channel heights. 

Fig. 6 shows the local mean velocity profiles for several 
streamwise positions varying from X / h = 98 to 107 upstream 
of the test section and along the center line Y / h = 0 of a 
channel facility with aspect ratio of 20:1. The measurements 
were performed for a bulk Reynolds number of Re = 6,600 
based on the channel height h using 2D/2C PIV. For 
comparison, the direct numerical simulation (DNS) results of 
Moser et al. [24] are also included in the plot. Note that the 
computations were carried out for a slightly different bulk 
Reynolds number of Re = 5,800. The experimental data of the 
channel flow facility and the DNS results collapse very well, 
evidencing the excellent agreement of the PIV measurements 
with the data from the literature. 

 

Fig. 6: Normalized mean velocity profiles upstream of the test section of a 
20:1 channel for a bulk Reynolds number of Re=6.600 measured with PIV in 

comparison to numerical results of Moser et al. [24] 

Fig. 7 shows a comparison of the measured root-mean-
square (rms) values of the fluctuation of the Cartesian velocity 
components at X/h = 103 for a bulk Reynolds number of Re = 
6,600 with the corresponding DNS results of Moser et al. at 
Re = 5,800, evidencing the fully turbulent flow of such a 
channel facility upstream of the test section [24]. 
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