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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 

Channels with small diameters, used for example in conformal cooling, can nowadays be fabricated by laser powder bed fusion. Measurements 
of the mean effective diameter and surface topography are important to quantify the flow capabilities through the channel. In this paper, a new 
method using X-ray computed tomography is developed to obtain the mean effective diameter and mean surface topography height. The 
developed method is verified by determining the mean effective diameter using incompressible turbulent fluid flow simulations, whereupon the 
determined mean surface topography height is fed as an input to the simulation. The method is proved to offer a non-destructive and relatively 
fast approach to measure the mean effective diameter and mean surface topography height in circular channels. 
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1. Introduction 

The process capabilities of metal additive manufacturing are 
improving drastically, now allowing the fabrication of intricate 
structures with reduced deviations and errors [1]. The 
production of channels with small diameters and different 
inclinations has always been of significant interest in 
manufacturing advanced industrial components, such as gas 
turbine parts. With the aid of laser powder bed fusion (L-PBF) 
process, the fabrication of internal channels in metallic parts has 
been made easier and rapid. However, a major challenge lies in 
the dimensional and quality assessment of the produced part. 
Furthermore, the surface of additively manufactured channels 

 
 

 

is subject to high surface irregularities, which could potentially 
affect the channels’ functionality, for example causing pressure 
drop and heat transfer reduction [1,2]. Therefore, the mean 
effective diameter affected by the microscale surface 
irregularities must be carefully analyzed in a non-destructive 
manner to understand the effects on the functionality of the 
channel [1]. 

X-ray computed tomography (CT) offers the advantage of 
non-destructively assessing the fabricated parts both internally 
and externally over a wide variety of components [3,4]. There 
are different approaches to perform dimensional and 
geometrical analyses, such as the nominal to actual comparison 
analysis on the CT scanned part using different post-processing 
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is subject to high surface irregularities, which could potentially 
affect the channels’ functionality, for example causing pressure 
drop and heat transfer reduction [1,2]. Therefore, the mean 
effective diameter affected by the microscale surface 
irregularities must be carefully analyzed in a non-destructive 
manner to understand the effects on the functionality of the 
channel [1]. 

X-ray computed tomography (CT) offers the advantage of 
non-destructively assessing the fabricated parts both internally 
and externally over a wide variety of components [3,4]. There 
are different approaches to perform dimensional and 
geometrical analyses, such as the nominal to actual comparison 
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software [5]. However, for parts with high surface irregularities 
and deformations, the alignment between the nominal (CAD 
model) and the actual (CT) geometry of the scanned part is 
prone to bias and errors, which can impair the accuracy of the 
dimensional assessment [5]. Especially, in the case of channels 
fabricated by laser powder bed fusion process (L-PBF) 
deviating from the build platform, poor surface quality can be 
witnessed predominantly due to several causes such as stair-
case effect or sag and dross formations. 

To overcome these hurdles, a new method is proposed in this 
paper to assess the mean diameter and internal surface 
topography of cylindrical channels fabricated by L-PBF with 
respect to the functionality of the part. Using algorithms for 
‘wall thickness analysis’ in VGStudio MAX 3.3 (Volume 
Graphics GmbH, Germany) which are based on the voxel grey 
values of the scanned volume [6], it is possible to analyse the 
part geometrical deviations without the necessity of an 
alignment with the nominal object. In particular, in this work 
wall thickness analysis is performed on the CT reconstructed 
volume inside a specific region of interest, including only the 
internal channel to avoid contributions from the external 
deviations. The method is applied once operating in 
background (i.e. the volume inside the channel) and once in 
material mode. The resulting thickness histograms are used to 
obtain the mean diameter (background mode) and microscale 
surface features (material mode).  

In fluid mechanics, the microscale surface features in the 
channel are evaluated through functional-related parameters, 
particularly the so called ‘sand grain roughness’ (ks) or ‘mean 
roughness height’ (ε), which is defined as the mean height of 
tightly packed protruding sand grain like features that are 
uniformly distributed inside the channel [7]. Further work is 
needed to correlate the functional-related parameters with 
standard surface texture parameters. Since metal additive 
manufacturing technologies have been in use over a short 
period of time, the research studies on influence of ks over the 
functionality in additively manufactured parts are limited 
[8,11]. Increasing dimensions of microscale surface features in 
the channel (and corresponding ks values) lead to increase in 
friction during fluid flows and affect the mass flow rate due to 
the resulting pressure drop [2]. As part of this work, the 
obtained values from wall thickness analysis were compared to 
flow simulations using ANSYS Fluent 19.2 (ANSYS, Inc., 
United States of America) to evaluate the corresponding 
pressure drop throughout the length of the channel and thereby 
the resulting hydraulic diameter (dh) were calculated. 

The specimen investigated in this study is a cylinder, which 
is a part of the benchmark artefact proposed in [9], with a 
nominal internal hole diameter of 1 mm and a wall thickness of 
0.8 mm with an overall cylinder length of 19.2 mm. The 
material used for fabrication was INCONEL 718, which is an 
austenitic nickel-chromium-based superalloy, commonly used 
for high temperature applications in gas turbines. The specimen 
was fabricated vertically with an orientation perpendicular to 
the build platform. Upon fabrication, the specimen was cut 
from the build platform by electrical discharge machining 
(EDM). 
 

Nomenclature 

CT X-ray computed tomography  
L-PBF Laser Powder Bed Fusion 
ROI  region of interest 
msth  mean surface topography height 
ks  sand grain roughness 
ε  mean roughness height 
dh  hydraulic diameter 
∆P  pressure drop 
ṁ  mass flow rate 
dmean  mean diameter 
 

2. Methodology 

2.1. X-ray Computed Tomography measurements 

The component was scanned using a metrological CT 
system (Nikon MCT 225, Nikon Metrology X-Tek, UK). To be 
able to resolve the microscale surface features inside the 
channel, the part was positioned as close as possible to the X-
ray source to achieve the highest resolution, resulting in a voxel 
size of 4 µm. Table 1 represents the optimised scan parameters 
that were applied to scan the part. Due to the density of the 
material, a filter of 0.5 mm thickness made of tin was used to 
reduce beam hardening artefacts. The specimen was CT 
scanned at its centre, for a total length of the reconstructed 
channel of around 7 mm. Subsequently, the acquired images 
were reconstructed with the reconstruction software provided 
by the CT system manufacturer, without any additional 
mathematical filtering or artefact reduction. Upon 
reconstruction, the volume was imported in VGStudio MAX 
3.3 for further analysis. 

Table 1. Optimized scan parameters used for CT measurements 

Parameter Value 

Power 6.8 W 

Voltage 170 kV 

Exposure time 

Number of projections 

2 seconds 

2000 

 
After surface determination, a region of interest (ROI) 

comprising only the internal channel was created to perform 
the wall thickness analysis, in two different modes (background 
and material). Figure 1 shows the cross-section of the analyzed 
channel. The section marked in red is the ROI comprising the 
internal channel. As denoted in the legend of the figure, the 
direction of the blue and yellow arrows represents the 
operational direction of the background and material modes. 
The background mode operates on the internal volume of the 
channels (i.e. non-material voxels) using the determined 
surface as the starting point to find the opposite surface under 
a certain opening angle [10]. On the other hand, the material 
mode functions in the same manner with the difference that it 
determines the thickness distribution of the material voxel 
contained in the ROI. In both the cases, the Ray method was 
chosen with a search angle of 15° [10]. The resulting wall 



416 Lokesh Chandrabalan  et al. / Procedia CIRP 94 (2020) 414–418 L. Chandrabalan et al. / Procedia CIRP 00 (2020) 000–000  3 

thickness histograms were exported and further processed with 
the aid of an in-house developed MATLAB script to obtain the 
mean diameter and the mean surface topography height (msth).  

 
2.2. Application of Computational Fluid Mechanics 
 

Incompressible Reynolds-averaged Navier-Stokes (RANS) 
turbulent fluid flow simulations were performed with k-ε 
turbulence model at four different mass flow rates (ṁ) using 
ANSYS Fluent. The nominal diameter is used as the channel 
diameter in the Computational Fluid Mechanics model and the 
aforementioned msth is used as the ks inside the channel, which 
is a necessary input to determine the associated pressure drop 
(∆P) and the exit fluid flow velocity over a certain channel 
length [11]. To achieve comparability, the channel length in the 
CFD model was the same as analyzed by CT. Subsequently, the 
general mass flow rate (ṁ) equation was used to calculate the 
corresponding dh. To perform high fidelity simulations, 
polyhedral mesh was used, thereby increasing the accuracy. 
Furthermore, to achieve fully developed turbulent flow at the 
inlet of the channel, the length of the channel was extruded 10 
times more before the actual inlet. In addition, the theoretical 
pressure-drop and the friction factor for the mean diameter and 
msth were calculated using the Colebrook-White and Darcy–
Weisbach equations, as a theoretical reference case [12].  
 
3. Results and discussion 
 

The results discussed in this paper do not reflect the actual 
additive manufacturing capabilities of Baker Hughes. Figure 2 
shows a cross-sectional view of the analyzed channel 
perpendicular to channel direction, whereas Figure 3 displays 
a 3D rendering of the wall thickness analysis performed in 
material mode inside the ROI. The microscale surface features 
show sizes up to 120 µm (shown in red in Figures 2 and 3). 
Analyzing the 3D rendering, there is a trend in the distribution 
of the surface features leading to an increased number of 
particles on one side of the channel, which is caused by the  
 

 
interaction between the previously printed layer and the re-
coater, while spreading a new powder layer. Furthermore, from  
Figure 3, it is evident that the microscale surface features have 
an anisotropic distribution. 

The cropped wall thickness histograms and the 
corresponding Gaussian fits of the CT analysis are shown in 
Figure 4 and 5. The fits are performed in a selected region 
around the main peak avoiding the tails where it includes 
features that do not correspond either to the microscale surface 
features or to the channel diameter, but are rather intermediate 
distances caused by the methodology involved in the wall 
thickness analysis. Figure 4 shows the obtained msth with the 
centre of the fitted Gaussian at 25 µm. In this case, the fitting 
was performed between 0 to 50 µm. On the other hand, Figure 
5 displays the histogram data and the Gaussian fit for the mean 
internal channel diameter, resulting in a mean diameter of 0.93 
mm, which is a reduction of 70 µm with respect to the design 
value. In this case, the range for the Gaussian was chosen again 
around the centre of the main peak considering the histogram 
data between 880 µm and 1100 µm. As mentioned above, the 
determined msth is used in the flow simulations to verify the 
mean channel diameter obtained by CT.  

Fig. 1. Cross-section of the analysed channel with the ROI denoted in red. 
The blue and yellow arrows represent the analysis direction for background 

and material mode of the wall thickness analysis. 

Fig. 3. 3D rendering view of the wall thickness analysis performed in 
material mode on the 1 mm channel over a total length of 6.8 mm, revealing 

the microscale surface features in red. 

Fig. 2. Cross-sectional view of the wall thickness analysis performed in 
material mode on the channel, revealing the microscale surface features in 

red. 
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The developed CFD model and the axial velocity contour 

plot of an incompressible turbulent fluid flow simulation are 
shown in Figure 4 and Figure 5 respectively. The msth of 25 
µm from the wall thickness analysis in the material mode was 
given as an input for ε in ANSYS Fluent, only in the domain 
consisting the actual length of the channel excluding the 
additional extruded length before the inlet [11].  

 

 
The results of the incompressible turbulent fluid flow 

simulations at different ṁ and the corresponding theoretical 
values are summarized in Table 2. The theoretical and the 
calculated pressure drop (∆P) values from the CFD simulations 
are in line, with an error less than 1%. This indicates that the 
obtained msth from CT is equivalent to ks or ε in circular pipe 

flows. Since the channel has a cylindrical geometry, the mean 
diameter from the wall thickness method is equivalent to the 
calculated hydraulic diameter from the incompressible 
turbulent fluid flow simulations. The calculated dh, at all mass 
flow rates, has a deviation of less than 1.5% from the mean 
internal channel diameter obtained from CT. This additionally 
confirms the hypothesis of msth corresponding to ε or ks and 
verifies that the mean channel diameter is equivalent to the 
hydraulic diameter. 

Table 2. Comparison of theoretical and simulated results, dh based on CFD 
simulations 

 ṁ 
(kg/s) 

∆P (Pa) 
(Theoretical) 

∆P (Pa) 
(Simulation) 

dh 

(mm) 
∆Pthe. vs 
∆Psim. 

(% Error) 

dmean. vs 
dh  

(% Error) 

0.004 7522 7455 0.916 0.89 1.26 

0.0055 13925 13963 0.915 0.27 1.40 

0.007 

0.0085 

22272 

32565 

22305 

32376 

0.914 

0.914 

0.14 

0.58 

1.47 

1.47 

 

4. Conclusions 

The study focused on developing a new approach using CT 
to determine the mean effective diameter and internal 
microscale surface features of cylindrical channels fabricated 
by L-PBF, taking strongly into consideration the flow 
functionality of the component. The mean channel diameter 
obtained from CT was verified by comparison with the 
calculated hydraulic diameter from CFD simulations, showing 
deviations less than 1.5%.  

The obtained pressure-drops for different mass flow rates 
from the CFD simulations were compared to the reference case. 
The comparison studies showed error less than 1%, confirming 
the hypothesis that the mean surface topography height 
corresponds to ks or ε in circular channel. 

The results presented in this work are the first proof of 
concept of the proposed method. Future work will include 
analyzing inclined channels with high surface irregularities due 
to stair-case effects and dross formations and thereby verify 
and correlate the concept of ks. Furthermore, the methodology 
will be validated with experimental flow tests on different 
internal channel geometries, with respect to actual applications. 

Fig. 4. Wall thickness histogram with fitted Gaussian for msth. 

Fig. 5. Wall thickness histogram with fitted Gaussian for mean internal 
channel diameter. 

Fig. 6. Developed CFD model for incompressible turbulent fluid flow 
simulations. 

Fig. 7. Exemplary axial velocity contour plot. 
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