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ABSTRACT
Laminar flow control shows an unparalleled potential to in-

crease the energy efficiency of state-of-the-art transport aircraft.
However, active boundary layer suction requires micro-metre
precision and is associated with extensive manufacturing effort.
This study investigates new manufacturing technologies, such
as additive manufacturing and laminating of porous sheets for
boundary layer suction. The new porous sheets extend the design
space of porous skins for laminar flow control and aim to reduce
their manufacturing effort. This research shows the feasibility of
additively manufactured and laminated porous sheets with perfo-
ration diameters below 250 µm and pressure drop characteristics
comparable to available etched and laser-drilled sheets.
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1. MICRO-PERFORATED SHEETS FOR LAMINAR FLOW
CONTROL

Compared to state-of-the-art transport aircraft, aircraft de-
signed for laminar boundary layer flow promise a significant per-
formance increase by decreasing the aircraft’s viscous drag by
up to 90 % [1]. To achieve laminar boundary layer flow, current
research focuses on passive flow control, such as natural laminar
flow (NLF) and active flow control, such as laminar flow con-
trol (LFC). NLF achieves transition delay with an aerofoil design
providing a favourable pressure gradient to dampen the growth of
Tollmien-Schlichting instabilities in combination with high sur-
face quality. LFC achieves transition delay with active boundary
layer suction [2]. While NLF only results in a partial laminarisa-
tion of transport aircraft, LFC has the potential of a fully laminar
aircraft [3] but requires active systems for boundary layer suc-
tion [4]. Combinations of NLF and LFC promise a high degree
of laminar boundary layer with reduced manufacturing and sys-
tems effort. They are commonly investigated as hybrid laminar
flow control (HLFC) [5]. Therefore, boundary layer suction as a
part of HLFC is a promising approach to lower the operating costs
and the carbon footprint of state-of-the-art transport aircraft.
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The structural components enabling boundary layer suction
are micro-perforated sheets. In recent developments, perforated
sheets used as aircraft skins are thin, etched foils [6] or thicker
laser-drilled sheets [7]. Several laser drilling processes, single-
pulse, laser trepanning and laser percussion drilling, were used
in the past for drilling micro-perforations of reasonable accu-
racy [8, 9]. Messaoudia et al. [8] worked on improving the
inner surface quality and increasing the diameter of the holes
using chemical pickling. However, the post-processing may re-
sult in various manufacturing imperfections and thereby change
the specified geometrical parameters. Laser-drilled carbon-fibre-
reinforced plastics were investigated but not further used for LFC
applications because they showed severe structural failure caused
by fibre fragmentation resulting from the drilling process [10].

While thin foils are susceptible to stability issues, metallic
sheets add significant weight to the wing [11]. Both types are
metal-based perforated sheets attracting loads when integrated
into the wing structure due to their high Young’s modulus. There-
fore, this study includes engineering plastics for manufacturing
micro-perforated sheets, avoiding significant loading of the suc-
tion structure.

Such engineering plastics can be additively manufactured
(AM) featuring inherent porosities. AM of micro-perforated
sheets enables new suction panel concepts, where whole panels
are manufactured as integral parts, avoiding hole blockage and
residual stresses resulting from joining. Manufacturing the panel
in its final shape allows for three-dimensional curved surfaces.

Next to AM perforated sheets, this study includes carbon-
fibre-reinforced plastics (CFRP) laminated on a needle bed tool-
ing, avoiding the destruction of fibres through laser drilling and
a laser-drilled polycarbonate (PC) specimen. While the etched
and laser-drilled foils and sheets investigated in this study are
available on an industrial level [12], the porous CFRP sheets and
the AM sheets are produced within the scope of this research.

This study investigates porous sheet specimens’ porosity,
hole geometry, and perforation quality. To determine the porosity
and hole quality of the specimens, an algorithm is developed
in this study to detect porosities based on microscopic images
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and to return a statistical analysis of hole size, geometry, and
their deviations. The combined data of perforation size, quality
and geometry allows a direct comparison of industrial available
perforated sheets to the AM porous sheets.

The pressure drop, depending on the suction rate, is exper-
imentally determined for all specimens to connect the structural
characteristics to the aerodynamic characteristics. In the experi-
ments, the specimens are mounted into a flow bench, where the
pressure is measured above and below the specimens. Combined
with the measured volume flow, the experiments return a rela-
tionship between pressure drop and flow rate for each specimen.
This relationship can then be used to fit a physical pressure drop
prediction model to the data to understand the aerodynamic char-
acteristics of the different types of micro-perforated porous sheets
and their dependence on their geometric characteristics.

The laser-drilling of metal sheets results in a truncated-cone
hole geometry, with a larger plenum side diameter (entrance of
laser) and a smaller flow side diameter (exit of laser) [10]. Poll
et al. [13] experimentally investigate the pressure drop char-
acteristics of laser-drilled micro-perforated titanium sheets with
flow-side diameters ranging from 30 µm to 178 µm to fit a mod-
ified Goldstein pressure-loss model [14]. Their work addresses
the hole tapering by introducing the diameter-dependent modifier
K, defined as the ratio of the perforation’s flow-side diameter to
the plenum-side diameter. However, they concluded this ratio
to be too crude to model the pressure drop characteristics of the
micro-perforated sheet.

Preist and Paluch [15] developed a statistical approach for
assessing HLFC panels regarding their surface imperfections and
geometrical variations of the perforation. High-resolution opti-
cal microscope measurements were used to study the influence
of geometrical imperfections on pressure characteristics. The
calculation of diameter depends on image processing and hole
contour detection techniques. Two major factors influencing the
hole image processing were estimated: magnification and thresh-
old level. For a greyscale image with 256 levels, it was found
that a threshold of 35-45 estimates the hole diameter with a 3 %
deviation. Based on these optical statistical estimations, a new
model was proposed in their work, which considers the conicity
of the laser-drilled hole geometry in contrast to the cylindrical
hole model proposed by Poll et al. [13].

Bohning and Doerffer [16] developed a transpiration model
for pressure loss through micro-perforated sheets. The Bohning-
Doerffer (B-D) model relates the normalised pressure drop to the
Mach number inside the hole. However, this empirical model de-
pends on experimental measurements of micro-perforated sheets
and the calculation of a modified porosity of the sheets named the
“aerodynamic porosity”. The aerodynamic porosity is not iden-
tical to the geometrical porosity of the perforated sheet but rather
a coefficient to represent the pressure characteristics. Therefore,
the model does not accurately represent the influence of actual
perforation size or manufacturing irregularities.

Gibson [17] modelled the flow through a perforated sheet,
including both compressibility and frictional effects, hence not
assuming a fully developed flow. The model was based on Fanno
analysis for a constant-area pipe. Therefore, it is unsuitable for
irregular hole shapes produced by different manufacturing pro-

cesses. For applying HLFC for subsonic aircraft and considering
low suction velocities, incompressible flow through the holes can
be assumed. In this case, the Preist model [15] captures the
required physics and offers a method to include the perforation
irregularities in the model. Therefore, the authors of this study
chose the Preist model to compare the pressure characteristics
of different experimentally investigated micro-perforated porous
sheets.

Next to the porosity, perforation diameter and pattern, the
surface roughness of the perforated sheets significantly impacts
the flow’s laminarity. This includes 2D and 3D surface roughness
as well as waviness. Distributed roughness can cause earlier
transition if the roughness height is above a critical limit [18, 19].
However, the classical roughness parameters such as 𝑅𝑎 and 𝑅𝑡

are inadequate for HLFC applications [20]. An alternative is the
critical Reynolds number (𝑅𝑒𝑘) depending on the local velocity,
the kinematic viscosity and the roughness height. Anderson
et. Al. proposed a stability criterion where 𝑅𝑒𝑘 should be
between 100 and 1600 [21]. To identify the roughness height
of the different micro-perforated porous sheet types, this study
measures the roughness of the surface surrounding the holes.

A comprehensive characterisation of micro-perforated
porous sheets requires knowledge of their geometrical and aerody-
namic properties. The following sections, therefore, describe the
test specimens’ manufacturing, microscopic porosity and perfo-
ration geometry investigations, surface roughness measurements
using a profilometer and aerodynamic pressure drop investiga-
tions. These methods result in porosity and pressure drop char-
acteristics for each micro-perforated sheet type. The identified
geometric characteristics in terms of porosity and hole geometry
further allow the prediction of the pressure drop using the Preist
model. A validation of this model is possible by comparing it to
the experimentally determined pressure drop characteristics, ex-
panding the model to rectangular and significantly tapered holes.
Such a validated model is a prerequisite for designing LFC suction
panels, as suggested in [5].

2. MANUFACTURING, TESTING AND EVALUATION
This section describes the test matrix of investigated micro-

perforated specimens, their manufacturing and the methods used
for their geometrical and aerodynamic characterisation. While
laser-drilled and etched perforated sheets used for the specimens
are purchased for this study, the manufacturing process of AM
porous sheets and laminated porous CFRP sheets is part of this
study. All specimens are investigated for their perforation ge-
ometry and porosity using microscopic images evaluated with a
Python-based porosity detection algorithm. The same specimens
are then tested for their aerodynamic pressure drop characteris-
tics. In combination with surface roughness measurements, the
pressure drop characteristics allow to assess the applicability of
the new porous sheet types for LFC applications.

2.1 Test specimens and manufacturing
This research compares six different types of perforated and

porous sheets. All specimens are circular plates with an outer
diameter of 𝑑𝑜 = 89.5 mm and designed with a hexagonal perfo-
ration pattern. Those specimens not cut from larger perforated
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sheets additionally have a restricted perforated area with an inner
diameter of 𝑑𝑖 = 80.0 mm as shown in Figure 1, to avoid side
flow at the sealing area of the flow bench.

FIGURE 1: SLA PRINTED POROUS SHEET SPECIMEN NO. 05
WITH A TRUNCATED PYRAMID PERFORATION FOR POROSITY
AND PRESSURE DROP INVESTIGATIONS.

The study includes three sets of industrially manufactured
skin types. The baseline specimens are stainless steel (SS) spec-
imens featuring laser-drilled perforations with design diameters
of 60 µm, 120 µm and 240 µm and a design porosity of 0.91 %
provided by the Institute of Fluid Mechanics of the TU Braun-
schweig [22]. These specimens are cut from larger sheets ini-
tially ordered for the ALTTA project [23] and have a thickness
of 0.8 mm. Additional specimens were cut from 0.05 mm thick
SS foils with etched perforations. The perforations have a de-
sign diameter of 63 µm and a design porosity of 0.91 %. The
foils provided by DLR Stuttgart were initially manufactured by
Micro-Metal [24] as the outer layer of the TSSD concept [6]. A
significant addition to our sample collection was made through
the procurement of a laser-drilled polycarbonate (PC) specimen
with a hole diameter of 200 µm and a nominal porosity of 0.91 %
from Photonicfab [25].

The industrially manufactured specimen set is expanded in
this study by AM SS specimens, AM epoxy-resin specimens and
laminated CFRP specimens. The porous SS specimens were
manufactured using selective laser melting (SLM) with hole di-
ameters of 60 µm, 120 µm and 240 µm and a design porosity
of 0.91 %. The epoxy-resin specimens were manufactured us-
ing a Stereolithography (SLA) process with quadratic 250 µm by
250 µm perforations and a design porosity of 1.0 %. The lam-
inated CFRP specimens feature a hole diameter of 180 µm and
a design porosity of 2.15 %. Table 1 summarises all specimens
used in this study.

AM of porous sheets with an equivalent perforation diameter
≤ 250 µm and a porosity of ≈ 1 % is challenging and has not yet
been shown. Preliminary investigations with fused-deposition
modelling (FDM), SLA, SLM, Objet and Polyjet printers show
that SLA and SLM technologies are promising for printing micro-
perforations [5]. While SLM printers produce metallic parts with
rough surfaces, SLA printers produce plastic parts with high

surface quality. In this study, SLA-printed and SLM-printed
porous specimens are manufactured to quantify the minimum
achievable equivalent perforation diameter and the associated
pressure drop characteristic.

Perforated sheets for LFC, such as laser-drilled or etched
SS sheets, are designed with cylindrical perforation geometries.
However, in reality, etched foils show oblique cylinders, while
laser-drilled sheets show truncated cones. Figure 2 shows the de-
sign hole geometry a), the resulting oblique cylinder from etching
b), and the resulting truncated cone from laser-drilling c). This
example illustrates the dependence of the hole geometry on the
manufacturing process. Preliminary investigations show that in
AM, cylinders and truncated cones with only a small slant angle
tend to get clogged from support material or resin drawn in by
the capillary effect. Therefore, this study focuses on quadratic
truncated cones, shown in 2 d).
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FIGURE 2: PERFORATION GEOMETRIES INVESTIGATED FOR
AM USING SLA: A) CYLINDER; B) OBLIQUE CYLINDER; C)
TRUNCATED-CONE; D) QUADRATIC-TRUNCATED-CONE; E) TRUN-
CATED PYRAMID; F) TRUNCATED PYRAMID SLOT

The perforation geometries d)-f) in Figure 2 have multiple
advantages in AM. The quadratic hole shape reduces the negative
impact of the staircase effect on the hole geometry on the suction
surface. A large slant angle reduces the tendency of clogged holes
by resin or powder in SLA and SLM printing. At the same time,
the slant angle reduces the need for supporting the hole walls or
reduces the negative effects of unsupported walls, especially when
choosing a beneficial printing direction. Therefore, quadratic
truncated cones D), truncated pyramids e) and truncated pyramid
slots f) are promising geometries for AM.

This study focuses on specimens with quadratic truncated
cone perforations (d) for SLA printing. Figure 3 shows this ge-
ometry, which is next to truncated pyramid slots (f), the most
promising perforation geometry for AM on SLA machines. Even
though quadratic-truncated-cone perforations are also a promis-
ing geometry for SLM printed specimens, due to their high man-
ufacturing costs, SLM printed specimens are so far limited to
cylinders, which require a laser cleaning of the surface to re-
move hole clogging. Only this post-treatment allows the AM of
cylindrical holes.

Next to AM porous sheets, this study introduces laminated
porous CFRP sheets with integrated perforations. A needle bed
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TABLE 1: OVERVIEW OF INVESTIGATED POROUS SHEET SPECIMENS.

No. manufacturing material nominal design design design perforation surface
thickness hole size pitch porosity geometry treatment
in mm in mm in mm in %

07 vacuum bag CFRP 0.68 0.180 1.17 2.15 cylinder (a) none

08 etched SS 0.05 0.063 0.63 0.91 oblique cylinder (b) polished
09 etched SS 0.05 0.063 0.63 0.91 oblique cylinder (b) polished
10 etched SS 0.05 0.063 0.63 0.91 oblique cylinder (b) polished

11 laser drilled SS 0.80 0.060 0.60 0.91 truncated-cone (c) polished
12 laser drilled SS 0.80 0.120 1.20 0.91 truncated-cone (c) polished
13 laser drilled SS 0.80 0.240 2.40 0.91 truncated-cone (c) polished

14 SLM SS 0.8 0.240 2.40 0.91 cylinder (a) laser cleaned
15 SLM SS 0.8 0.240 2.40 0.91 cylinder (a) laser cleaned
16 SLM SS 0.8 0.120 1.20 0.91 cylinder (a) laser cleaned
17 SLM SS 0.8 0.120 1.20 0.91 cylinder (a) laser cleaned
18 SLM SS 0.8 0.060 0.60 0.91 cylinder (a) laser cleaned

19 SLA Grey 0.8 0.250x0.250 2.686 1.00 quadratic-truncated-cone (d) none
20 SLA Grey 0.8 0.250x0.250 2.686 1.00 quadratic-truncated-cone (d) none
21 SLA Grey 0.8 0.250x0.250 2.686 1.00 quadratic-truncated-cone (d) none

25 laser drilled PC 0.8 200 2.0 0.91 truncated-cone (c) none

0 1 2mm

FIGURE 3: MICROSCOPIC IMAGE OF THE UPPER (LEFT) AND
LOWER (RIGHT) SIDE OF THE QUADRATIC-TRUNCATED-CONE
PRINTED WITH SLA.

tool is used in the CFRP manufacturing setup to integrate the
perforations without cutting the fibres or removing the protective
resin film around the fibres. The needles have a diameter of
0.18 mm and a handle diameter of 1.17 mm [26]. Figure 4 shows
the conical shape of the needle tip with a standard match as a size
reference. The needle handle diameter determines the distance of
the needles, arranged in a hexagonal pattern, resulting in a design
porosity of 2.15 %. Figure 5 shows the needle bed tool with
its 1848 needles resulting in 49.14 mm by 48.03 mm perforation
area.

The CFRP specimen is designed as a thin porous sheet of
two woven±45◦ carbon fibre layers. Figure 6 shows the manufac-
turing layout, where the porous CFRP specimen is cured below
the needle bed tool using a resin injection moulding process. A
cork sheet below the fibre material allows the needles to penetrate
through the specimen. The resulting specimen has a total thick-
ness of 0.68 mm and a porous area of 49.14 mm by 48.03 mm,
which does not cover the full specimen area.

FIGURE 4: SINGLE ACUPUNCTURE NEEDLE WITH A DIAME-
TER OF 180µm USED FOR MANUFACTURING THE NEEDLE-BED
TOOLING. THE NEEDLES ARE COATED WITH MEDICAL SILICONE,
FUNCTIONING AS A RELEASE FILM.

FIGURE 5: NEEDLE-BED TOOLING FOR MANUFACTURING CFRP
SHEETS WITH INTEGRATED POROSITIES.
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FIGURE 6: MANUFACTURING LAYUP OF THE CFRP SPECIMEN.

2.2 Porosity evaluation
The perforation characterisation in this study includes the

determination of perforation geometries, their pitch and pattern,
and the porosity of the specimens. The basis of the characterisa-
tion are images taken at high resolution with background light on
a Zeiss Smartzoom 5 microscope [27]. A Python-based porosity
detection algorithm allows detecting the contours of the holes
using the OpenCV library [28]. The mean equivalent diame-
ter calculated from the perforation area in combination with the
mean pitch allows the determination of the specimens’ porosity.

A rendered CAD image of specimen No. 19 is used to
determine the accuracy of the porosity detection tool. Figure 7
shows a section of the rendered image, including the contours of
the detected holes. With an equivalent detected edge length of
250.8 µm the deviation from the design edge length of 250 µm
is 0.31 %. Using a design pitch of 2.5 mm results in a design
porosity Φ of 1.155 % according to equation (2). With a detected
mean pitch of 𝑝 = 2.5240 mm, the detected porosity is evaluated
to be 1.1664 %. The resulting porosity deviation below 1 %
shows the high accuracy of the image-based, automated porosity
detection algorithm.

FIGURE 7: CONTOURS DETECTED BY THE IMAGE PROCESSING
SOFTWARE FOR A RENDERED IMAGE OF SPECIMEN NO. 19.

Φ𝑐𝑖𝑟𝑐 =
𝜋𝑑2

4𝐴
=

𝜋𝑑2

2
√

3𝑝2
(1)

Φ𝑠𝑞𝑢𝑎𝑟𝑒 =
𝑎2

𝐴
=

2𝑎2
√

3𝑝2
=

2 · 0.252
√

3 · 2.52
= 1.155 (2)

The detected porosity significantly depends on the value
threshold of the hue-saturation-value (HSV) colourspace used
in the filtering function inRange of the OpenCV library. Fig-
ure 8 shows the change in detected porosity depending on the
lower threshold value. The lower the threshold value, the darker
the detected porosity. The whole image is detected as one large

porosity when the threshold is zero. For high threshold values,
the detected porosity area vanishes. The porosity between these
extremes can be modelled with high accuracy as a cubic spline,
where the infliction point determines the value threshold leading
to the maximum value gradient. In this study, the optimum value
threshold is determined by the cubic spline regression for each
specimen.
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FIGURE 8: THE DETECTED POROSITY DEPENDS ON THE LOWER
VALUE THRESHOLD OF THE OPENCV INRANGE FUNCTION.

The implication of the threshold value in Figure 8 is explicitly
shown for points A, B, C and D in Figure 9. Points A and D show
over-detection and under-detection of the perforations for large
and small threshold values. Point B shows a miss-detection of the
perforation, where the perforation boundary is not fully closed for
singular perforations. Point C shows the optimised threshold at
the infliction point of the cubic spline regression. The optimised
threshold value also correlates best with the visual impression of
the perforation.

FIGURE 9: INCREASING THE THRESHOLD REDUCES THE SIZE OF
THE DETECTED PERFORATION.

All detected perforations have unique geometries which can-
not be described with one common model. Comparing the differ-
ent geometry types and the deviation from the intended geometry
requires a general geometry description. The authors of this
study chose to calculate the centre of area (COA) of each de-
tected perforation and to describe the perforation geometry from
its COA by the local radius 𝑟𝑙𝑜𝑐𝑎𝑙 depending on the angle 𝜔.
Figure 10 defines an arbitrary perforation geometry’s local radius
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and angle. The advantage of this general geometry description
approach is that the mean perforation geometry of all perforations
of one specimen can be determined, including its variations and
characteristic parameters such as minimum and maximum radius.
Figure 11 shows the mean radius 𝑟, the mean local radius 𝑟𝑙𝑜𝑐𝑎𝑙
and its 95 % confidence interval (CI) of the mean depending on
the angle 𝜔 for specimen No. 8. At the same time, this approach
allows to compare the average detected perforation geometry to
the intended perforation geometry.

FIGURE 10: DEFINITION OF THE RADIUS AND ANGLEω DEFINING
THE EXACT CONTOUR FROM THE CENTRE OF GRAVITY.

0 60 120 180 240 300 360
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FIGURE 11: THE VARIATIONS OF THE ETCHED PERFORATIONS
OF SPECIMEN 08 WITH A NOMINAL RADIUS OF 0.0315 mm.

2.3 Pressure drop evaluation
The pressure drop measurements of all test specimens were

conducted in a flow bench setup at TU Braunschweig’s Institute of
Fluid Mechanics. The main components of the flow bench are the
intake, including the specimen mount, the flowmeter to determine
the volume flow and the compressor providing the required vac-
uum. Figure 12 shows the arrangement of the single components
in the flow bench. The pressure taps integrated into the intake
are connected to a DTC Initium Pressure Scanning System [29],
to measure the pressure on top and below the test specimen. The
pressure scanner and the flowmeter are connected to the same
data acquisition system for synchronous data recording. For flow
rate variations, the compressor power can be manually adjusted.
Figure 13 shows the single components of the flow bench.

For the pressure drop measurement, the specimen is mounted
in the size reduction adaptor of the flow bench, which is then
mounted into the intake section of the flow bench. The volume
flow and the pressure at the upper and lower pressure taps are
measured at discrete flow rates and logged by the system. The

Pressure Taps

Test Specimen

Flowmeter

Compressor

Adaptor

Intake

FIGURE 12: SCHEMATIC FIGURE OF THE FLOW BENCH SETUP
FOR PRESSURE DROP EVALUATION.

exported data contains a time series of pressure and flow data
for each discrete flow rate, which can be evaluated as mean dif-
ferential pressure over the specimen and mean volume flow. If
required, the time series also allows the calculation of the uncer-
tainties in the form of standard deviation or confidence interval.
An undesirable three-dimensional flow behaviour can be ruled
out by comparing the pressure variations between the six upper
or lower pressure taps.

Upper
Pressure Taps

Lower
Pressure Taps

Pressure
Sensor

(a) (c)

(b)

FIGURE 13: THE FLOW BENCH SETUP FOR THE PRESSURE DROP
TESTS OF PERFORATED SKINS: (A) INTAKE; (B) SPECIMEN AND
ADAPTER; (C) FLOWMETER.

2.4 Modeling of pressure loss
To investigate pressure loss characteristics through the holes,

this study uses the empirical model of Preist and Paluch [15]. In
contrast to other models, Preist and Paluch consider the difference
between flow-side and plenum-side diameter. This is important,
especially for laser-drilled and SLA-printed specimens. Both
perforations types designed for the outer cover of an LFC system
usually have a smaller equivalent diameter 𝑑 on the flow side and
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a larger equivalent diameter 𝐷 on the plenum side as shown in
Figure 2.

In the Preist model given in Equation (3), the pressure loss
through the porous sheet is a function of the average suction
velocity 𝑣𝑜 normalised by the porosity Φ resulting in the mean
flow velocity in the perforations. Preist et al. modelled the
flow through these perforations as a quadratic function with two
coefficients 𝐶𝑎 and 𝐶𝑏 representing the dynamic pressure loss
and frictional pressure loss:

Δ𝑝 = 𝐶𝑎

(︃
𝑣𝑜

𝜙

)︃2
+ 𝐶𝑏

𝑣𝑜

𝜙
. (3)

Where the coefficients 𝐶𝑎 and 𝐶𝑏 are defined as:

𝐶𝑎 =
𝐶

2
𝜌, (4a)

𝐶𝑏 = 32𝐾𝜇
𝑡

𝑑2 , (4b)

The constant C, in Equation (4a), is evaluated empirically,
and 𝜌 is the air density. In Equation (4b), 𝐾 , the panel thickness 𝑡
and 𝑑 are geometrical parameters that describe the hole geometry,
and 𝜇 is the viscosity of the air. The diameter variation along the
flow direction is accounted for in the frictional loss term using
the factor 𝐾 representing the ratio of smaller and larger diameter
𝑑 and 𝐷:

𝐾 =
1
4
𝑑

𝐷

(︃
1 + 𝑑

𝐷

)︃ (︄
1 +

(︃
𝑑

𝐷

)︃2
)︄
. (5)

2.5 Evaluation of surface roughness
The surface roughness measurements were conducted for

each specimen using a laser profilometer. With the profilome-
ter, a representative area of 30 mm by 30 mm was scanned on
each specimen in single tracks with a distance of 2 mm and a
track resolution of 10 µm. To identify the surface roughness, a
Savitzky-Golay filter was applied to remove the global deforma-
tion and waviness of the specimen. The filtered data was plotted
for the specimens, to get a rough idea of the surface roughness.
No further data processing steps were undertaken in the scope
of this study since the aim was a rough guess of whether post-
processing of AM porous sheets is a necessary prerequisite for
LFC.

3. RESULTS AND DISCUSSIONS
This paper compares the design and the experimentally ob-

tained perforation parameters for six different porous sheet types.
The main perforation parameters are the mean equivalent per-
foration diameter, the mean pitch and the mean porosity. The
mean equivalent diameter thereby describes the perforation size
by the diameter of a circular perforation with the same perfora-
tion area. The porosity is determined using Equation (1) with
the mean pitch and mean equivalent diameter. All parameters
are identified using the introduced Python tool and include their
95 % confidence intervals.

Table 2 summarises the specimen’s experimentally obtained
perforation parameters. While the detected mean pitch of all

specimens is generally close to the design pitch and shows a
small confidence interval, the equivalent diameter significantly
deviates from the design diameter. This results in significant
porosity design deviations. The results show that etched SS foils
(No. 08-10) exhibit the lowest porosity design deviations result-
ing from highly accurate mean diameters with small confidence
intervals. Specimen No. 08 was measured twice, the second time
(No. 08*) with higher image resolution resulting in a porosity
design deviation of 0 %. The porosity design deviations of the
other etched SS specimens are expected to be reduced to zero by
increasing the image resolution. Therefore, all other specimens
were investigated with increased image resolution.

In contrast to the etched SS specimens, the laser-drilled spec-
imens (11-13) show larger porosity design deviations, which in-
crease with increasing mean equivalent diameter and its 95 %
confidence interval. The SLM specimens (14-18) show the op-
posite effect where the porosity design deviation increases with
decreasing mean equivalent diameter and its 95 % confidence
interval. The SLA specimens (19-21) show larger porosity de-
sign variations but a smaller 95 % confidence interval at a similar
equivalent diameter as the SLM specimens, suggesting higher
manufacturing repeatability.

The results show that laser-drilled and SLM-printed porous
sheets with nominal diameters of 240 µm and 120 µm can be man-
ufactured with similar size and accuracy. SLA-printed porous
sheets can be manufactured so far with rectangular holes of
250 µm by 120 µm at a high repeatability. Etched SS porous
sheets show the lowest porosity design deviation at a small nom-
inal diameter of 63 µm, and smaller 95 % confidence interval
compared to the laser drilled specimens with similar perforation
size. For larger nominal diameters of 200 µm the PC specimen
(No. 25) shows the lowest porosity design deviation and smallest
95 % confidence interval. SLM printed specimens with nominal
diameters of 60 µm exhibit a mean diameter 95 % confidence in-
terval twice the size of the detected diameter, preventing an even
porosity distribution.

The CFRP specimen (No. 07) shows the largest design poros-
ity deviation. Comparisons of the upper and lower hole diameter
and micro CT images show that not all needles of the needle bed
tooling fully penetrated the specimen, resulting in a significantly
smaller diameter caused by the conical shape of the needle. An
etched needle bed tooling, where the tool side of the CFRP sheet
can later be used as a suction surface, would not require a thick
layer of flow aid between the tool and fibre material. Therefore,
such a tool is expected to allow full penetration of the CFRP
layers. However, since such a tool was unavailable in this study,
the CFRP specimen is excluded from further aerodynamic inves-
tigations.

The variations of the perforation geometries can be described
by the dependency of the local perforation radius on its position
on the perforation contour. Figure 14 shows the variations of
the local perforation radius 𝑟 over the angle 𝜔 for all specimens
including their 95 % confidence interval. A circular perforation
has a constant radius and should be a horizontal line in the plot.
In contrast, a square perforation is exemplarily plotted as spec-
imen No. 00. While specimens No. 08, 11 and 25 show an
almost constant radius with a narrow 95 % confidence interval,
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TABLE 2: POROSITY RESULTS FOR ALL SPECIMENS.

No. equiv. diameter equiv. diameter pitch pitch porosity porosity porosity
mean 95% confidence mean 95% confidence mean 95% confidence design deviation
mm mm mm mm % % %

07 0.080 0.070 - 0.090 1.320 1.268 - 1.372 0.341 0.233 - 0.462 -84

08 0.0614 0.0608 - 0.0620 0.6270 0.6267 - 0.6273 0.8691 0.8508 - 0.8876 -4
08* 0.0629 0.0612 - 0.0646 0.6281 0.6279 - 0.6284 0.9109 0.8615 - 0.9590 0
09 0.0622 0.0616 - 0.0628 0.6264 0.6261 - 0.6268 0.8943 0.8772 - 0.9115 -1
10 0.0602 0.0596 - 0.0608 0.6236 0.6234 - 0.6239 0.8447 0.8275 - 0.8621 -7

11 0.0547 0.0525 - 0.0570 0.5926 0.5889 - 0.5964 0.7732 0.7021 - 0.8487 -15
12 0.0947 0.0898 - 0.0995 1.1776 1.1750 - 1.1803 0.5864 0.5253 - 0.6510 -35
13 0.1688 0.1576 - 0.1800 2.3485 2.3447 - 2.3524 0.4685 0.4070 - 0.5346 -48

14 0.236 0.229 - 0.242 2.4048 2.401 - 2.408 0.872 0.823 - 0.921 -4
15 0.204 0.197 - 0.211 2.3984 2.393 - 2.404 0.654 0.607 - 0.702 -28
16 0.072 0.057 - 0.088 1.2028 1.195 - 1.211 0.329 0.200 - 0.487 -64
17 0.087 0.079 - 0.096 1.2042 1.197 - 1.211 0.478 0.384 - 0.582 -47
18 0.038 0.009 - 0.068 0.8012 0.782 - 0.820 0.208 0.010 - 0.687 -77

19 0.251 0.248 - 0.254 2.671 2.668 - 2.674 0.802 0.780 - 0.823 -20
20 0.236 0.230 - 0.242 2.668 2.665 - 2.670 0.712 0.675 - 0.750 -29
21 0.293 0.290 - 0.296 2.671 2.670 - 2.673 1.089 1.065 - 1.113 9

25 0.2020 0.2004 - 0.2035 1.9903 1.9889 - 1.9916 0.9341 0.9185 - 0.9498 3

all other circular perforated specimens show significant devia-
tions from their design geometry with larger 95 % confidence
intervals. SLM printed specimens hereby exhibit the largest de-
formations. In contrast, the SLA printed specimens (19-21) show
a good match with the design geometry (00). However, the edges
are slightly rounded, resulting in a reduced peak. As for the
equivalent diameter of the SLA specimens, also the 95 % confi-
dence interval of the SLA specimens’ radius is narrow suggesting
a high repeatability.

0 60 120 180 240 300 360
0

0.05

0.1

0.15

𝜔 in ◦

𝑟
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spec. 08
spec. 11
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FIGURE 14: THE MEAN LOCAL RADIUS AND 95% CONFIDENCE
INTERVAL FOR ALL SPECIMEN TYPES.

The surface roughness measurements were conducted ex-

emplary for all specimen types. While etched and laser-drilled
specimens show maximum surface roughness heights ≤ 10 µm,
SLA specimens and laser-cleaned SLM specimens show maxi-
mum surface roughness heights ≤ 40 µm and ≤ 50 µm. There-
fore, post-treatment is also expected to be required for additively
manufactured porous sheets.

Figure 15 shows the pressure drop results for all specimens.
Some specimens were measured twice to show reproducibility.
These measurements are differentiated by solid and open data
point markers. The results of the pressure drop measurements
indicate a significant dependency of the pressure drop on the
porosity, as suggested by the Preist model. Additionally, the
curvature decreases with the hole size. This effect is visible
for the laser drilled specimens (11-13) and when comparing the
etched SS specimens (8-10) featuring small perforations to the
SLA printed specimens (19-20) featuring larger perforations. The
decreasing curvature can be directly associated with the linear
term in the Preist model, which represents the frictional losses.

Equation (3) is fitted to the pressure drop measurements
normalised by the measured porosity using a non-linear least
square approach to validate the Preist model. Table 3 shows the
fitted coefficients 𝐶𝑎, 𝑓 𝑖𝑡 and 𝐶𝑏, 𝑓 𝑖𝑡 , and the coefficient of deter-
mination (R-squared) to measure fit quality. The coefficient of
determination close to 1 shows, that the quadratic model is an ap-
propriate model for the pressure drop measurements. However,
when comparing the fitted coefficients 𝐶𝑏, 𝑓 𝑖𝑡 to the coefficients
calculated based on the measured perforation size 𝐶𝑏,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ,
only specimens No. 15 and 25 show an acceptable match. While
for the etched, laser drilled and SLA-printed specimens, 𝐶𝑏, 𝑓 𝑖𝑡

and 𝐶𝑏,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 show a proportional relationship, no such pro-
portional relationship can be observed for the SLM specimens.
Therefore, the Preist model cannot be validated as a universal
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FIGURE 15: PRESSURE DROP AT THE PERFORATED SKIN DEPENDING ON THE PERFORATION GEOMETRY, POROSITY, AND SUCTION
VELOCITY. SOME SPECIMENS WERE TESTED TWICE TO ENSURE REPLICABILITY.

pressure drop model.

TABLE 3: FITTED COEFFICIENTS FOR THE PREIST MODEL.

No. 𝐶𝑎, 𝑓 𝑖𝑡 𝐶𝑏, 𝑓 𝑖𝑡 𝑅2 𝐶𝑏,𝑑𝑒𝑠𝑖𝑔𝑛 𝐶𝑏,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

08 -0.6997 -16.4679 0.9993 -7.34 -7.36
09 -0.6667 -19.0032 0.9998 -7.34 -7.36
09* -0.7190 -14.4620 0.9999 -7.34 -7.36
10 -0.7259 -15.1716 0.9997 -7.34 -7.36
10* -0.6770 -15.5611 0.9996 -7.34 -7.36

11 -0.7174 -38.5351 0.9997 -129.42 -
12 -0.5172 -12.5688 0.9997 -32.36 -
13 -0.4330 2.3218 0.9988 -8.09 -

14 -0.4572 -12.2432 0.9998 -8.09 -8.37
14* -0.4730 -10.5116 0.9996 -8.09 -8.37
15 -0.3127 -9.6382 0.9997 -8.09 -11.20
15* -0.3226 -8.9170 0.9999 -8.09 -11.20
16 -0.1221 -8.5057 0.9995 -32.36 -89.88
17 -0.1731 -9.3860 0.9993 -32.36 -61.56
18 -0.1584 -12.2145 0.9991 -129.42 -322.66

19 -0.6112 -6.1403 0.9996 -0.24 -0.27
20 -0.5458 -5.0393 0.9995 -0.24 -0.28
21 -0.6943 -4.3551 0.9996 -0.24 -0.23

25 -0.7482 -12.1419 0.9994 -11.65 -11.71

4. CONCLUSION
This study demonstrates the feasibility of AM and CFRP

micro-perforated porous sheets with perforations in the same or-
der of magnitude as available laser-drilled and etched sheets.

Although the perforation quality and size of etched SS sheets can-
not be reached by additive manufacturing so far, the new porous
sheets with new perforation geometries and new manufacturing
techniques significantly expand the design space for LFC suction
skins. This study has proven that the pressure drop behaviour of
high-quality etched foils can be reached with SLA-printed porous
sheets featuring quadratic truncated cone perforations. A com-
mon model for pressure drop prediction, the Preist model, could
not be validated for the new porous sheet types and shows at least
questionable results for available etched and laser-drilled sheets.
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