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Abstract

Air-texturisation is a process that adds bulkiness to bundles of fibres. In this study, the permeability and

compaction behaviour of air-texturised glass fibre rovings are experimentally characterised and compared

to conventional unidirectional (UD) rovings. Based on radial impregnation experiments and single-step

compaction/decompaction tests, the following main findings are highlighted: Compared to conventional

UD-rovings, the normalised permeability of the air-texturised rovings was approximately three times higher

along the fibre direction and 40 times higher transverse to the fibre direction. Accordingly, the degree of

anisotropy was approximately one magnitude lower. At a compaction pressure of 1 and 5 bar, the air-

texturised rovings were compacted to a volume fraction of Vf = 0.34 and 0.43, respectively, which was

approximately 30% lower than the volume fraction achieved for the conventional UD-rovings. Finally, it was

observed that the decompaction of air-texturised rovings exhibits a more distinct elastic response when

unloaded.
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Nomenclature

Aw Areal weight

As Spring constant, or fitting parameter

ḣ Displacement rate of crosshead

h Cavity thickness in permeability cell and
distance between discs in compaction tests

K ′ Quasi-isotropic permeability

k1 Constant in power law

Ki, ψ Principal permeabilities and direction

µ Viscosity

ni Exponents in power law

p Pressure

pi Pressere at pressure sensor i

pin Inlet pressure

Q Inflow rate

ρf Density of fibres

r Radius, radial coordinate

rf Radial distance to flow front

Rf Fibre radius

r Radius of inlet

t Time

u Velocity

Vf Fibre volume fraction

V0 Fibre volume fraction for sample at rest, or
fitting parameter

Va Maximum available fibre volume fraction,
or fitting parameter

xi, x
′
i Spatial coordinates, global and local

Introduction6

Impregnation flow is governed by the ability of fibrous materials to transmit a fluid during impregnation (the7

permeability) as well as the mechanical response when subject to a pressure state (the compaction behaviour8

defined as the constitutive relation between stress and strain or volume fraction). In liquid composite moulding9

(LCM) processes, most fibre-reinforced composite parts are composed of a layup of fabrics, mats, and flow10

media. By designing a layup of appropriate fibre architectures, engineers can time the impregnation step to a11

suitable process window. In pultrusion, which belongs to the family of LCM processes, a layup can consist12

of rovings of fibres1–4. Here, instead of controlling the local permeability by selecting special types of fabrics13

or mats, permeability can be altered by applying texturisation to rovings. Air-texturised rovings can also be14

combined with matrix-forming filaments to form a commingled yarn, braided into technical fabrics, or directly15

enter the fibre layup in other continuous composite manufacturing processes.16
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In air-texturisation, one or more bundle of fibres are drawn through an air-jet nozzle, which creates a clutter17

of individual fibres and adds volume to the roving. The resulting roving is suitable for applications where a18

lower fibre volume fraction is desired and fast resin impregnation is critical. Fast impregnation flow is crucial19

for thick composite parts and a low fibre volume fraction can be a cost-wise desired choice for non-structural20

parts.21

As the aforementioned characteristics are distinct features of air-texturised rovings, it is important to quantify22

what the effect of applying texturisation has on the impregnation flow when used in LCM processes. To the23

authors’ knowledge, there exists no such characterisation studies of air-texturised rovings in the current literature24

and this study seeks to bridge this gap. As the focus of this study is permeability and compaction behaviour, we25

briefly review some of the existing literature concerning conventional fibrous materials.26

State-of-the-art27

Early models of compaction behaviour are based on the concept that bundles of fibres are essentially aligned28

cylinders with multiple contact points. Following this terminology, Gutowski et al.5,6 introduced an analytical29

model for the quasi-static nonlinear stress-strain behaviour of a bundle of fibres in terms of the compaction30

pressure. Essentially, Gutowski et al.’s model describes the relationship between the compaction pressure, σ,31

and the volume fraction, Vf , using a power-law function. The function is bounded by horizontal and vertical32

asymptotes, which correspond to at some level the fibrous material is a rest, σ → 0, and at another level, a33

maximum fibre volume fraction is achieved, Vf → Va. In this context, Va is often referred to as the ”maximum34

available fibre volume fraction”, and is related to the densest possible fibre packing in the fibrous material.35

In experiments, Gutowski et al.5 showed that misaligned (i.e. disordered) fibres will generally have a lower36

Va-value.37

While other researchers have explored and developed additional compaction models for unidirectional fibres38

and fabrics7–10, generic polynomial expansions can also be applied for fitting experimental data11–13. The model39

proposed by Gutowski et al.5,6 is suitable for a fibrous material exhibiting fully elastic behaviour, which means40

it provides a good fit for a fibre compaction without any subsequent unloading. Researchers have later reported41
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that the response of fibrous materials exhibits both inelastic and time-dependent behaviour. These effects include42

irreversible deformation14,15 and viscoelastic effects16,17. Furthermore, repeated loading and unloading yield a43

hysteresis with cyclic softening18,19.44

For a bank of aligned fibres, there exist several semi-empirical models for estimating the permeability.45

These models are based on an idealised hexagonal or square packing of fibres, and their empirical background46

is commonly established using CFD simulations. While there are differences between the various models,47

permeability is seen to scale proportionally to the fibre radius squared, R2
f , and to decrease with increasing48

fibre volume fraction, Vf 20–24. In addition, models have shown that the permeability increases with increasing49

disordering of fibre packing25,26.50

Obviously, a bank of aligned cylinders is a poor representation of many fibre architectures, including51

many fabrics and mats. Consequently, conducting impregnation and compaction experiments is a necessity52

for material characterisation of many fibrous materials. As layups of mats and fabrics resemble the ply53

configuration in many LCM processes, several setups for this type of material characterisation can be found54

in the literature. For permeability characterisation, special moulds have been designed for controlled linear or55

radial impregnation experiments (see e.g.27–29). Similarly, for compaction experiments, a conventional universal56

testing machine can be used to test the compaction behaviour of a layup of fabrics or mats17,19. For some LCM57

processes, a layup is not necessarily composed of fabrics or mats, but of single rovings. This can be the case in58

pultrusion processes, where individual rovings are drawn directly through the pultrusion die. In such a layup,59

rovings are not intertwined or bound by back-threading. A few studies of this type of layup can also be found60

in the literature. For example, Schell et al.30 were able to measure the longitudinal and transverse permeability61

of this fibre configuration using a special mould enclosing a single roving. Bezerra et al.31,32 designed a setup62

intended to represent pultrusion processes. In this setup, rovings are guided through a permeability cell or63

compaction mould using perforated plates. This system fixates the stack of rovings while impregnation (radial)64

or compaction experiments take place.65
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Scope66

Based on the literature review in this section, we briefly discuss how air-texturisation is expected to affect the67

permeability and compaction behaviour of rovings. For this purpose, X-ray µ-CT scans of composite parts68

prepared with conventional UD-rovings as well as air-texturised rovings are depicted in Fig. 1. A description of69

how these scans were conducted can be found in Rasmussen et al.33 and a summary is given in Appendix A.70

As illustrated in Fig. 1, the fibre architecture of the part prepared with conventional UD-rovings has a high71

degree of uniformity. This configuration is seen to be well-represented by the concept that a bundle of fibres72

is essentially cylinders with multiple contact points. On the other hand, the part prepared with air-texturised73

rovings has a very disordered fibre architecture. The texturisation process introduces out-of-plane fibres as74

individual fibres cross over and intertwine. In addition, there are several areas with highly agglomerated fibres75

that increase the non-uniformity of fibre distribution as the figure illustrates.76

In summary, the increased disorder in the fibre architecture is expected to increase the permeability25,26 as77

well as decrease the compliance by lowering the ”available fibre volume fraction”5,6.78

[Figure 1 around here]79

Method80

Sample preparation81

To prepare a layup where rovings were not intertwined or bound by back threading, rovings were drawn through82

two fibre guides mounted on a rack. See Fig. 2(a). The fibre guides were two polypropylene plates which83

were perforated with a hole pattern corresponding to the typical equipment used in pultrusion processes32.84

This pattern aligned five rovings per 15 mm. Essentially, this procedure was similar to Bezerra et al.31,32, but85

instead of drawing rovings from individual bobbins, a single roving was drawn back and forth between the two86

perforated plates. This simplified the setup as the number of bobbins needed was reduced from between 50-10087

to a single bobbin.88

[Figure 2 around here]89
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After the layup of rovings was prepared in the rack, a small amount of a powder soluble (approximately 290

g/sample of FILCO 661MG020, Coim) was sprinkled on the locations that were excess to the area in contact91

with the testing machine (Fig. 2(a)). This area was subsequently heated with a heat gun and clamped. Finally, an92

inlet hole (r = 7.5 mm) was cut (ZUND M1600 CNC textile cutting machine) in the samples for permeability93

tests, see Fig. 2(b). To ensure the inlet hole dimensions, the samples were placed on a vacuum table and cut94

beneath a vacuum foil. This preparation method gave a ply-like sample of rovings, where the testing area was95

unaffected of the processing steps.96

Permeability experiments97

The prepared sample was placed inside a permeability cell designed for radial injection tests. The permeability98

cell consisted of a 40 mm thick top and bottom solid steel plates. An industrial type press (30 tonnes) was used99

to close the top and bottom plate, and mechanical spacers ensured the cavity thickness (h). The setup can be100

seen in Fig. 3(a).101

[Figure 3 around here]102

Through the inlet hole, a test fluid (Bluesil 47 V 100, 40-123.KN.K025, µ = 0.1 Pa·s) was pumped into the103

centre of the sample at a constant injection rate. To verify that the dimensions and shape had not changed during104

impregnation, the inlet hole was visually inspected before and after the experiments. While the impregnation105

took place, seven pressure sensors in the bottom plate of the permeability cell continuously monitored the106

development in fluid pressure. Six of the sensors were located in a radial pattern on one-half of the bottom plate107

and one sensor was positioned at the inlet (see Fig. 3(b)).108

As the method for estimating the permeability in this paper was based on the work by Louis et al.34, only109

a summary of the approach is given below. Please note that the same setup was used in a recent benchmark110

exercise, see May et al.29.111

The permeability measurements were based on closed-form solutions of Darcy’s law for creeping flow in112

porous media assuming a fully developed saturated zone, constant fluid viscosity, incompressible fluid, rigid113

fibrous material, and a negligible level of capillary pressure. Darcy’s law states that the fluid velocity, u, scales114
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proportionally to the fluid pressure gradient:115

(1− Vf )u =
K

µ
∇p (1)

where K is permeability tensor of the fibrous material and µ is the viscosity of the fluid. The volume fraction116

was calculated based on the areal weight of each sample, Aw, and the cavity thickness in the testing machine,117

h, specifically:118

Vf =
Aw

ρfh
(2)

where ρf is the density of fibres (ρf = 2550 kg·m−3, E-glass fibres).119

The fibrous material will in this relation be referred to as the porous medium and it is characterised with120

principal permeabilities,K1 andK2. These permeabilities apply for the orientation angle, ψ, where off-diagonal121

terms in the permeability tensor K are zero. For aligned fibres, K1 follows the fibre direction and K2 is122

transverse to the fibre direction. The analytical solution for the radial impregnation flow in an anisotropic porous123

medium was based on a coordinate transformation of the anisotropic domain into a quasi-isotropic domain35,36.124

The quasi-isotropic permeability and the coordinate transformation follow the relation (see Fig. 3(b)):125

K ′ =
√
K1K2, x′1 =

√
K ′/K1x1, x′2 =

√
K ′/K2x2 (3)

In the quasi-isotropic domain, the flow front develops in the shape of a circle. By simple geometrical126

considerations, a relation between time, t, and the radius of this circle, rf , was established:127

rf (t) =

√
Qt

π(1− Vf )h
+ r2in (4)

where Q is the inflow rate of the test fluid. The pressure at the inlet was found using the relation:128

pin(t) =
Qµ

4πhK ′
ln

(
1 +

Qt

(1− Vf )πhr2in

)
(5)
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Once the inlet pressure and flow front radius, rf , was determined, the pressure level within the saturated domain129

was estimated as:130

p(r, t) = pin(t)

(
1− log(r/rin)

log(rf/rin)

)
(6)

The estimated pressure level in the saturated domain was then mapped to individual sensor locations, p(xi, yi),131

using the principal direction,ψ, and the coordinate transformation in Eq. (3). Finally, the principal permeabilities132

and direction, K1, K2, and ψ, were determined by minimising the sum of squared residuals wrt. the measured133

pressure level of sensor i, pi,exp:134

Residual =
nsensor∑

i

(pi,exp − p(xi, yi))2 (7)

where nsensor is the number of pressure sensors. As the impregnation took place and the impregnated zone135

expanded, the principal permeabilities and direction, K1, K2, and ψ converged. The reported values of K1, K2,136

and ψ were taken as average values of the last 10 seconds in each experiment.137

After the permeabilities at different volume fractions were determined, Gebart’s model21, Eq. (8), was fitted138

by calculating a best-fit fibre radius, Rf :139

K1 =
8

53

(1− Vf )3
V 2
f

R2
f , K2 =

16

9π
√
6

(√
Va
Vf
− 1

) 5
2

R2
f (8)

In this relation, Va was set to the theoretical maximum fibre packing for hexagonal stacking of cylinders,140

Va = π/(2
√
3).141

Compaction experiments142

The compaction behaviour of the sample was tested using a Zwick 1474 universal testing machine mounted with143

a 100 kN load cell, see Fig. 4. Two circular steel plates (� = 135 mm) were fitted to the crosshead of the testing144

machine. In the experiments, the crosshead was set to move with a constant velocity, ḣ, which meant that the145

sample was compacted with a constant linear strain rate. For all tests, virgin samples were used. The dimensions146
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of the samples were 250× 150 mm2. This means the samples were larger than the circular steel plate and the147

testing area was not exposed to the powder soluble used for the sample preparation. The compliance of the148

testing machine was measured by conducting a test with no sample in place, which was used to compensate the149

measured deflection in all results presented. The dimensions and weight of all samples were measured before150

the tests, to calculate the areal weight and fibre volume fraction (cf. Eq. 2).151

[Figure 4 around here]152

As discussed in the introduction, Gutowski et al.5,6 presented in early research models which are capable153

of capturing the quasi-static response of a fibrous material being compacted. As fibrous materials are normally154

subject to subsequential unloading, such models are inadequate for these applications. To allow for the inclusion155

of a subsequent unloading step, Michaud and Månson12 fitted a high-order polynomial to data from single-step156

compaction experiments. While a high-order polynomial gives the freedom to fit virtually any data, we found157

that this approach tended to overfit the data from our experiments. To cope with this issue, we instead used a158

linear combination of power-laws. The benefit of this as compared to a high-order polynomial is that power-159

laws are well-representative of the physics of compacting a fibrous material. As the early model suggested by160

Gutowski et al.5,6, a power-law has asymptotic limits when constructed correctly, such that σ → 0 when Vf → 0161

and σ →∞ when Vf → Va.162

For the loading history of samples, a single three-parameter power-law was fitted:163

σ = As(Vf − V0)n1 (9)

Following the terminology in Gutowski et al.5,6, As holds the spring stiffness of the fibrous material, V0 is the164

volume fraction of the free-standing fibrous material, and n1 is the power-law exponent. In this study, As, V0,165

and n1 were all treated as fitting parameters.166

Once these fitting parameters have been determined based on the loading history of the samples, three167

additional parameters were fitted to the unloading history. We found a single power-law inadequate of capturing168
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this response, whereby a linear combination of two power-laws was used to characterise the unloading history:169

σ = k1σc

(
Vf − V0
Vfc − V0

)n2

+ (1− k1)σc
(
Vf − V0
Vfc − V0

)n3

(10)

where n2 and n3 are power-law exponents, k1 is a constant describing the mixture ratio between the two170

power-laws, σc is the stress state of the sample before unloading, and Vfc is the corresponding volume fraction171

calculated using Eq. (9). In Fig. 5, Eqs. (9-10) are plotted for some selected compaction/decompaction levels.172

To summarize, Eqs. (9-10) present an approach to include the inelastic response of a fibrous material loaded173

in a single compaction/decompaction step without considering plasticity explicitly. Finally, it is noted that174

no viscoelastic or viscoplastic effects are considered, which means Eqs. (9-10) are only valid for quasi-static175

loading or the specific strain rate applied in the compaction experiments.176

[Figure 5 around here]177

Results and discussions178

Following the procedures in the previous section, the experimental characterisation of the permeability and179

compaction behaviour is described in this section. To establish a basis for discussing the effect of texturisation,180

experiments of both air-texturised and UD-rovings were carried out, see Table 1.181

[Table 1 around here]182

Permeability experiments183

Following the test conditions given in Table 2, radial impregnation tests were conducted of twelve samples of184

air-texturised fibres. As listed in Table 1, the air-texturised roving was a commercial material acquired from185

the industrial vendor ”Vetrotex Saint Gobain”. The results are plotted and compared to nominal and best fit186

fibre radii from Eq. (8), in Fig. 6 and Table 3. The mean value of the permeability and fibre volume fraction,187

together with coefficients of variation, cv∗, are listed in Table 4. Typical pressure histories and the evolution of188

the principal permeabilities and direction, K1, K2, and ψ, are examplified for one sample in Appendix B.189

∗cv = std. deviation/arithmic mean
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[Tables 2, 3, and 4 around here]190

Conventional UD-rovings In addition to the experiments of air-texturised rovings, twelve reference191

experiments of conventional UD-rovings were conducted as well. However, this fibre configuration showed a192

strongly anisotropic behaviour. In fact, based on the shape of the elliptic imprint from the test fluid on the bottom193

plate of the permeability cell, a degree of anisotropy of approximately α = K1/K2 ≈ 100 was obtained†. As194

the test fluid only reached a single pressure sensor during the test, there was not enough basis for determining the195

principal permeabilities based on these experiments. For the purpose of comparison, normalised permeabilities196

from Bezerra et al.31,32 are plotted in Fig. 7. Please note that Bezerra et al.31,32 reported a similar magnitude of197

anisotropy for their experiments on conventional UD-rovings.198

Analysis of results From the results listed in Table 4, it can be read that the characteristic value, cv , varied199

from 0.63% to 1.05% wrt. the fibre volume fraction of the samples. This is on par with what was reported by200

participants in a recent benchmark exercise by May et al.29. For the principal permeability along the fibre201

direction, K1, a cv-value between 14.41% to 28.20% was obtained. For K2, this was between 12.20% to202

21.57%. In both these cases, the highest cv value was obtained for the experiments with high Vf . As this203

configurations required the highest compaction pressure and had the smallest cavity thickness, this was to be204

expected. Finally, based on the angle of the principal axis indicated in Fig. 6, there was no noticeable bias of the205

principal direction to report.206

While the cv-values for the permeability results are higher than what was on average reported in the207

benchmark exercise by May et al.29 (7.8% to 12.2%, depending on fabric type), it is still on the same level208

or lower than several individual participants. Bearing in mind that participants in the benchmark exercise29
209

tested a mass-manufactured commercial technical fabric, the cv-values in this study demonstrated reasonable210

repeatability and control of variations.211

To compare the permeability of an air-texturised roving to a conventional UD-roving, results were compared212

to the experimental results from Bezerra et al.31,32. In their work, a layup of single rovings was guided213

†This was based on (Length of elliptical imprint/width of elliptical imprint)2 ≈ 100
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into a permeability cell using perforated plates. Similar to this paper, their permeability characterisation was214

also completed by conducting radial injection tests with pressure sensors monitoring the impregnation flow.215

Compared to Bezerra et al.’s results, the normalised permeability of the air-texturised roving was approximately216

three times higher along the fibre direction, K1, and 40 times higher transverse to the fibre direction, K2 (cf.217

Fig. 7). For reference, when compared to Gebart’s empirical model21, the permeability was four times higher218

for K1 and three times higher for K2 (cf. Fig. 6). It is clear that air-texturisation increases permeability. This219

follows the expected behaviour, as the texturisation introduces disorder in the fibre architecture, which increases220

the permeability25,26. In addition to increasing the permeability, the degree of anisotropy was decreased with221

approximately one magnitude as well.222

While the disorder in fibre architecture increases the permeability, the texturisation introduces out-of-plane223

fibres. Compared to the conventional UD-roving, the flow now needs to pass additional fibres in the 1−direction,224

which increases the flow resistance. In the 2−direction, the texturisation has the opposite effect; the additional225

out-of-plane fibres means fewer fibres to pass, which decreases the resistance for flow. The increase in226

permeability in the 2−direction was significant (40 times). It is noted that the resin may travel in less fibre-227

rich areas between fibre agglomerations, which can be a contributing factor to the increase in permeability.228

[Figures 6 and 7 around here]229

Compaction experiments230

Compaction experiments were conducted on virgin samples of air-texturised rovings as well as conventional231

UD-rovings (cf. Table 1). The experimental results are compared to best-fits of Eqs. (9-10) in Fig. 8, and the232

best-fit parameters are listed in Table 3. In addition, selected points during unloading are compared to curve fits233

in Fig. 9. A summary of test conditions is listed in Table 5.234

[Table 5 around here]235

Analysis of results Statistical analysis of the results was conducted by comparing the obtained load-236

displacement curves at selected points. These points were the volume fractions obtained when the given material237

was subject to a compaction pressure of σ = 1 bar and σ = 5 during loading. The mean and characteristic238
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values, cv , are listed in Table 6. The characteristic values were low, ranging from±0.9% (air-text. at σ = 5 bar)239

to±2.1% (conv. UD-rovings at σ = 1 bar). In both cases, the characteristic value was higher for low compaction240

pressure and lowest for the air-texturised roving.241

[Table 6 around here]242

At a compaction pressure of σ = 1 bar, the conventional UD-rovings were compressed to a volume fraction243

of Vf = 0.51. For the air-texturised roving, this was 33% lower at Vf = 0.34. At σ = 5 bar, these numbers244

were Vf = 0.60, Vf = 0.43, (air-texturised roving 29% lower). As the results indicate, the compaction pressure245

needed to achieve a certain volume fraction was significantly higher for the air-texturised roving. Gutowski et246

al.5,6 hypothesised that a disordered fibre architecture ”moves the graphs [load-displacement curves] to the247

left”. Indeed, this is the case when comparing conventional UD-rovings to air-texturised rovings in Fig. 8.248

It is not surprising that texturisation results in a less compliant roving, as individual fibres simply cannot be249

as densely packed in a disordered fibre architecture. Consequently, a higher restoring force is achieved when250

subject to compaction.251

While both conventional UD-rovings and air-texturised rovings gradually build up a restoring force when252

loaded, the decompaction behaviour of the two roving types was different (cf. Fig. 8). Both types exhibited253

reduced restoring force when unloaded, but the decompaction curve of conventional UD-rovings appeared254

almost vertical. Consequently, the observed hysteresis for conventional UD-rovings was more substantial, which255

reflects a more distinct inelastic or plastic behaviour. When the fibrous material is subject to loading, individual256

fibres are bent as noted by Gutowski et al.5,6. In addition, irreversible deformation may take place as a result257

of individual fibres permanently moving and reorganising to accommodate a more dense fibre packing19. The258

latter behaviour characterises inelastic or plastic behaviour, which the results indicate was more prominent for259

the conventional UD-roving. The disordered fibre architecture of the air-texturised rovings gives a skeleton-like260

structure that constrains fibres from permanently moving and reorganising and instead ”bounce back” when261

unloaded. Arguably, this is the reason for the lower hysteresis observed for the air-texturised roving.262
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Closing remarks263

Based on the results presented in this section, applying texturisation adds features to rovings that are desirable264

in many LCM processes and for fibre-reinforced polymer composites in general.265

The increased permeability, for example, allows for faster impregnation in LCM processes. In pultrusion266

processes, this means a profile can be drawn at a faster pulling speed, which allows for increased production267

output. In addition, the lower degree of anisotropy means a pultrusion die can be shorter by design because a268

low degree of anisotropy introduces less resin backflow. On the other hand, the X-ray, µ-CT scans in Fig. 1269

showed that texturisation results in local areas with fibre agglomerations. This introduces fibre-rich areas that270

can be difficult to saturate. Ultimately, this can increase the risk of local voids.271

The compaction behaviour showed that composite parts prepared with air-texturised rovings will have a lower272

volume fraction when subject to a certain compaction pressure. Depending on the resin system and the cost of273

the texturisation step, this can translate into a lower cost of the end product.274

Although it was not investigated in this paper, texturisation will affect the mechanical properties of a275

composite part. In addition to achieving a lower fibre volume fraction, the µ-CT scans in Fig. 1 illustrate that276

texturisation orient fibres away from the principal direction. This alteration reduces axial stiffness and strength277

of the composite part, which can be undesirable if a design can take advantage of a high degree of mechanical278

anisotropy. On the other hand, texturisation results in a disordered and intermingled fibre architecture, which279

increases out-of-plane properties such as fracture toughness as well as transversal and shear stiffness and280

strength.281

[Figures 8 and 9 around here]282

Conclusion283

This study concerned material characterisation of air-texturised glass-fibre rovings. Motivated by a gap in the284

research field, the scope of the paper was to characterise material properties needed for input in liquid composite285

moulding (LCM) simulations, i.e. the permeability and compaction behaviour.286
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For characterisation of the permeability, a special rig was built to prepare individual rovings into a ply-like287

sample. Once samples were made this way, an existing setup designed for radial impregnation tests of fabrics288

and mats could be used. For compaction tests, samples were tested in a universal testing machine. A linear289

combination of power-laws was used as a model capable of capturing irreversible fibre-compaction valid for290

a single loading/unloading step. With the main application of pultrusion processes in mind, curve fits were291

compiled for implementation in simulation software.292

We highlight the following findings and conclusions of the material characterisation study:293

• Compared to conventional unidirectional (UD) rovings, the normalised permeability of the air-texturised294

roving was approximately three times higher along the fibre direction and 40 times higher transverse to295

the fibre direction. Accordingly, the degree of anisotropy was approximately one magnitude lower;296

• At a compaction pressure of 1 and 5 bar, the air-texturised roving was compressed to a volume fraction297

of Vf = 0.34 and 0.43, respectively, which was approximately 30% lower than the volume fractions298

achieved for the conventional UD-rovings;299

• Compared to conventional UD-rovings, decompaction of air-texturised rovings showed a more distinct300

elastic response when unloaded.301

In summary, it is concluded that air-texturisation increases the permeability and decreases compliance of302

rovings.303

A topic for future research could be to standardise and characterise different degrees of texturisation. Possible304

extensions of this study could explore the effects of air flow, nozzle shape and size, exposure time in the305

texturisation step. In addition, possible topics could involve how mechanical or thermal properties of composite306

parts are affected by the anisotropy caused by texturisation.307
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Appendix A. X-ray, µ-CT scans386

The X-ray micro computed tomography images (X-ray, µ-CT) were captured using a Zeiss Xradia Versa 520387

scanner. The specimens for scanning were prepared by cutting out cylindrical samples from composite parts.388

Each sample was subsequently reduced to a diameter of �5 mm using a lathe. The scans were carried out at a389

voltage of 40kV and a power of 74 µA using 4× optical magnification. Each scan was performed using 4501390

projections at binning 2 with a total scanning time of 20 hours. For each cutout, the scan was further cropped391

to a �2× 2 mm cylinder. The resulting scans in Fig. 1 have a 10003 voxel resolution with a voxel size of392

approxiamtely 2 µm. For more information about the scanning procedure, please see Rasmussen et al.33.393

Appendix B. Example of probed pressure histories394

Figure 10 exemplify pressure readings and the associated evolution of principal permeabilities and direction, for395

one permeability experiment used as a data point in Figs. 6 and 7. The sample was prepared from air-texturised396

rovings (cf. Table 1). The cavity thickness in the permeability cell was set to h = 1.6 mm, which resulted in397

a volume fraction of Vf = 0.379. The inflow rate was set to Q = 10−7 m3/s, whereby the impregnation time398

lasted for approximately seven minutes.399

[Figure 10 around here]400
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x3
<latexit sha1_base64="kjgU0hVQYR56obUMqJ8XQ4ge6S0=">AAACC3icdVDNasJAGPxi/6z90bbHXhal0FNIqmC9Cb30aGn9AQ2yWTe6uNmE7KYowUfw2j5Ib6XXPkSfoy/QRNNihA4sDDPfsMPYPmdSGcaXltvZ3ds/yB8Wjo5PTouls/OO9MKA0DbxuBf0bCwpZ4K2FVOc9vyAYtfmtGtP7xK/+0wDyTzxpOY+tVw8FsxhBKtYepwNq8NSxdSNFZChN2LUaylpmOjXqkCK1rD0PRh5JHSpUIRjKfum4SsrwoFihNNFYRBK6mMyxWPaj6nALpVWtKq6QFexMkKOF8RPKLRSNxMRdqWcu3Z86WI1kdteIv55hYzrT+aSEZkpECkW/77VSTm3VsSEHyoqyLqSE3KkPJQshLL5WdJTLjZX+p90bnSzqpsPtUqznO6Vh0sowzWYUIcm3EML2kBgDEt4gVdtqb1p79rH+jSnpZkLyED7/AE94pvn</latexit>

x2
<latexit sha1_base64="S0Sk1ThKXovZg/cQZHSYwvU5zgE=">AAACC3icdVDNasJAGPxi/6z90bbHXhal0FNIrGC9Cb30aGn9AQ2yWTe6uNmE7KYowUfw2j5Ib6XXPkSfoy/QRNNihA4sDDPfsMPYPmdSGcaXltvZ3ds/yB8Wjo5PTouls/OO9MKA0DbxuBf0bCwpZ4K2FVOc9vyAYtfmtGtP7xK/+0wDyTzxpOY+tVw8FsxhBKtYepwNq8NSxdSNFZChN2LUaylpmOjXqkCK1rD0PRh5JHSpUIRjKfum4SsrwoFihNNFYRBK6mMyxWPaj6nALpVWtKq6QFexMkKOF8RPKLRSNxMRdqWcu3Z86WI1kdteIv55hYzrT+aSEZkpECkW/77VSTm3VsSEHyoqyLqSE3KkPJQshLL5WdJTLjZX+p90qrp5o5sPtUqznO6Vh0sowzWYUIcm3EML2kBgDEt4gVdtqb1p79rH+jSnpZkLyED7/AE8PZvm</latexit>

x3
<latexit sha1_base64="kjgU0hVQYR56obUMqJ8XQ4ge6S0=">AAACC3icdVDNasJAGPxi/6z90bbHXhal0FNIqmC9Cb30aGn9AQ2yWTe6uNmE7KYowUfw2j5Ib6XXPkSfoy/QRNNihA4sDDPfsMPYPmdSGcaXltvZ3ds/yB8Wjo5PTouls/OO9MKA0DbxuBf0bCwpZ4K2FVOc9vyAYtfmtGtP7xK/+0wDyTzxpOY+tVw8FsxhBKtYepwNq8NSxdSNFZChN2LUaylpmOjXqkCK1rD0PRh5JHSpUIRjKfum4SsrwoFihNNFYRBK6mMyxWPaj6nALpVWtKq6QFexMkKOF8RPKLRSNxMRdqWcu3Z86WI1kdteIv55hYzrT+aSEZkpECkW/77VSTm3VsSEHyoqyLqSE3KkPJQshLL5WdJTLjZX+p90bnSzqpsPtUqznO6Vh0sowzWYUIcm3EML2kBgDEt4gVdtqb1p79rH+jSnpZkLyED7/AE94pvn</latexit>

x2
<latexit sha1_base64="S0Sk1ThKXovZg/cQZHSYwvU5zgE=">AAACC3icdVDNasJAGPxi/6z90bbHXhal0FNIrGC9Cb30aGn9AQ2yWTe6uNmE7KYowUfw2j5Ib6XXPkSfoy/QRNNihA4sDDPfsMPYPmdSGcaXltvZ3ds/yB8Wjo5PTouls/OO9MKA0DbxuBf0bCwpZ4K2FVOc9vyAYtfmtGtP7xK/+0wDyTzxpOY+tVw8FsxhBKtYepwNq8NSxdSNFZChN2LUaylpmOjXqkCK1rD0PRh5JHSpUIRjKfum4SsrwoFihNNFYRBK6mMyxWPaj6nALpVWtKq6QFexMkKOF8RPKLRSNxMRdqWcu3Z86WI1kdteIv55hYzrT+aSEZkpECkW/77VSTm3VsSEHyoqyLqSE3KkPJQshLL5WdJTLjZX+p90qrp5o5sPtUqznO6Vh0sowzWYUIcm3EML2kBgDEt4gVdtqb1p79rH+jSnpZkLyED7/AE8PZvm</latexit>

x3
<latexit sha1_base64="kjgU0hVQYR56obUMqJ8XQ4ge6S0=">AAACC3icdVDNasJAGPxi/6z90bbHXhal0FNIqmC9Cb30aGn9AQ2yWTe6uNmE7KYowUfw2j5Ib6XXPkSfoy/QRNNihA4sDDPfsMPYPmdSGcaXltvZ3ds/yB8Wjo5PTouls/OO9MKA0DbxuBf0bCwpZ4K2FVOc9vyAYtfmtGtP7xK/+0wDyTzxpOY+tVw8FsxhBKtYepwNq8NSxdSNFZChN2LUaylpmOjXqkCK1rD0PRh5JHSpUIRjKfum4SsrwoFihNNFYRBK6mMyxWPaj6nALpVWtKq6QFexMkKOF8RPKLRSNxMRdqWcu3Z86WI1kdteIv55hYzrT+aSEZkpECkW/77VSTm3VsSEHyoqyLqSE3KkPJQshLL5WdJTLjZX+p90bnSzqpsPtUqznO6Vh0sowzWYUIcm3EML2kBgDEt4gVdtqb1p79rH+jSnpZkLyED7/AE94pvn</latexit>

x1
<latexit sha1_base64="DYfKP4Ak2kJYdvflhg8dAw1ZUnY=">AAACC3icdVDNSsNAGPxS/2r9q3r0srQInkKihdpbwYvHiqYttKFstpt26WYTshtpCX2EXvVBvIlXH8Ln8AVM2ihNwYGFYeYbdhgn4Ewqw/jSClvbO7t7xf3SweHR8Un59Kwt/Sgk1CI+98OugyXlTFBLMcVpNwgp9hxOO87kLvU7zzSUzBdPahZQ28MjwVxGsEqkx+nAHJSrpm4sgQy9kaBey0jDRL9WFTK0BuXv/tAnkUeFIhxL2TONQNkxDhUjnM5L/UjSAJMJHtFeQgX2qLTjZdU5ukyUIXL9MHlCoaW6noixJ+XMc5JLD6ux3PRS8c8r5dxgPJOMyFyBWLHk941Oyr21YyaCSFFBVpXciCPlo3QhlM9P055yvr7S/6R9rZs3uvlQqzYr2V5FuIAKXIEJdWjCPbTAAgIjWMALvGoL7U171z5WpwUty5xDDtrnDzqYm+U=</latexit> x1

<latexit sha1_base64="DYfKP4Ak2kJYdvflhg8dAw1ZUnY=">AAACC3icdVDNSsNAGPxS/2r9q3r0srQInkKihdpbwYvHiqYttKFstpt26WYTshtpCX2EXvVBvIlXH8Ln8AVM2ihNwYGFYeYbdhgn4Ewqw/jSClvbO7t7xf3SweHR8Un59Kwt/Sgk1CI+98OugyXlTFBLMcVpNwgp9hxOO87kLvU7zzSUzBdPahZQ28MjwVxGsEqkx+nAHJSrpm4sgQy9kaBey0jDRL9WFTK0BuXv/tAnkUeFIhxL2TONQNkxDhUjnM5L/UjSAJMJHtFeQgX2qLTjZdU5ukyUIXL9MHlCoaW6noixJ+XMc5JLD6ux3PRS8c8r5dxgPJOMyFyBWLHk941Oyr21YyaCSFFBVpXciCPlo3QhlM9P055yvr7S/6R9rZs3uvlQqzYr2V5FuIAKXIEJdWjCPbTAAgIjWMALvGoL7U171z5WpwUty5xDDtrnDzqYm+U=</latexit>

x3
<latexit sha1_base64="kjgU0hVQYR56obUMqJ8XQ4ge6S0=">AAACC3icdVDNasJAGPxi/6z90bbHXhal0FNIqmC9Cb30aGn9AQ2yWTe6uNmE7KYowUfw2j5Ib6XXPkSfoy/QRNNihA4sDDPfsMPYPmdSGcaXltvZ3ds/yB8Wjo5PTouls/OO9MKA0DbxuBf0bCwpZ4K2FVOc9vyAYtfmtGtP7xK/+0wDyTzxpOY+tVw8FsxhBKtYepwNq8NSxdSNFZChN2LUaylpmOjXqkCK1rD0PRh5JHSpUIRjKfum4SsrwoFihNNFYRBK6mMyxWPaj6nALpVWtKq6QFexMkKOF8RPKLRSNxMRdqWcu3Z86WI1kdteIv55hYzrT+aSEZkpECkW/77VSTm3VsSEHyoqyLqSE3KkPJQshLL5WdJTLjZX+p90bnSzqpsPtUqznO6Vh0sowzWYUIcm3EML2kBgDEt4gVdtqb1p79rH+jSnpZkLyED7/AE94pvn</latexit>

x2 � x3 cross section
<latexit sha1_base64="XsaM+kbxIYXQU8TqDm74N0sPmNw=">AAACIXicZVDLSsNAFJ34rPVVdeHCzdBWcGNJ2oUuC25cVrAPaEOYTCft0MlMyJ1IS8jXdKsf4k7ciZ/hD5i2QUx7YOBwzr3cM8cNBAdtml/G1vbO7t5+4aB4eHR8clo6O++AikLK2lQJFfZcAkxwydqaa8F6QciI7wrWdScPC7/7wkLgSj7rWcBsn4wk9zglOpWc0mV16tRvp06jimmoADAwunIqZs1cAm8SKyMVlKHllH4GQ0Ujn0lNBQHoW2ag7ZiEmlPBkuIgAhYQOiEj1k+pJD4DO15+IMHXqTLEngrTJzVeqv83YuIDzHw3nfSJHsO6txD/vGLODcYz4BRyAWLN0+trmbR3b8dcBpFmkq4ieZHAWuFFbzi/P13khCRtyVrvZJN06jWrUbOe6pVmOeurgK5QGd0gC92hJnpELdRGFCVojl7RmzE33o0P43M1umVkOxcoB+P7F6VGo10=</latexit>

x1 � x2 cross section
<latexit sha1_base64="YZp1VDyhuz3ib+tL52BY81Kf6ao=">AAACIXicZVDLSsNAFJ3UV62vqgsXboa2ghtLUhe6LLhxWcE+oA1hMp20QyczIXciLSFf061+iDtxJ36GP2DaBjHtgYHDOfdyzxw3EBy0aX4Zha3tnd294n7p4PDo+KR8etYBFYWUtakSKuy5BJjgkrU114L1gpAR3xWs604eFn73hYXAlXzWs4DZPhlJ7nFKdCo55Yva1LFupk6jhmmoADAwunKqZt1cAm8SKyNVlKHllH8GQ0Ujn0lNBQHoW2ag7ZiEmlPBktIgAhYQOiEj1k+pJD4DO15+IMFXqTLEngrTJzVeqv83YuIDzHw3nfSJHsO6txD/vFLODcYz4BRyAWLN0+trmbR3b8dcBpFmkq4ieZHAWuFFbzi/P13khCRtyVrvZJN0GnXrtm49NarNStZXEV2iCrpGFrpDTfSIWqiNKErQHL2iN2NuvBsfxudqtGBkO+coB+P7F6Hao1s=</latexit>

High degree of fibre agglomerations
<latexit sha1_base64="z/pVZ+CMsfu6SBFphQgyuvWzn20=">AAACLnicZVDLSsNAFJ3UV62vqEs3Q6vgqiR1ocuCmy4r2Ae0oUymN+nQSSbMTMQS+gN+Tbf6IYILceveHzBpg5j2wMDhnHu5Z44bcaa0ZX0Ypa3tnd298n7l4PDo+MQ8PesqEUsKHSq4kH2XKOAshI5mmkM/kkACl0PPnd5nfu8JpGIifNSzCJyA+CHzGCU6lUbmZYv5EzwGXwJg4WGPuRIw8X0uApDLIYVHZs2qW0vgTWLnpIZytEfmz3AsaBxAqCknSg1sK9JOQqRmlMO8MowVRIROiQ+DlIYkAOUky9/M8VWqjLEnZPpCjZfq/42EBErNAjedDIieqHUvE/+8SsGNJjPFqCoESDRLr69l0t6dk7AwijWEdBXJiznWAmcl4uL+c5ZTzdOW7PVONkm3Ubdv6vZDo9as5n2V0QWqomtko1vURC3URh1E0QtaoFf0ZiyMd+PT+FqNlox85xwVYHz/AvLCqT0=</latexit>

Figure 1. 3D and cross-sectional views of cutouts from a composite part manufactured using conventional
UD-rovings and air-texturised rovings. The images were prepared by use of X-ray µ-CT, see Appendix A.
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Fibre guides
<latexit sha1_base64="yXuJjAppmycCJ+8F4KFTRK5fCPU="></latexit>

Testing area
<latexit sha1_base64="WWAC6ZUlrbU9Po+i0s+fbgXPvrU="></latexit>

300 ⇥ 250 mm2
<latexit sha1_base64="GxARAm6nxgBh2fNkLE1iy2NhJtk="></latexit>

Area for application
<latexit sha1_base64="9+Hy8OMaU7lYO9Yhzs1b6RdB7xI="></latexit>

50 ⇥ 250 mm2
<latexit sha1_base64="WdRGhikNaBJw1u0aoeGxrfD2ExQ="></latexit>

Injection hole
<latexit sha1_base64="J6FyAKn+fpm9kNtV4Tvac6Y2SFI="></latexit>

(b)
<latexit sha1_base64="yLqUFkMXHdFFsxHevXSlsuAZ3TA=">AAACC3icZVDNSsNAGPy2/tX6V/XoJbQI9VKSetBjwYvHivYH2lA22027dH9CdiOW0EfoVR/Em3j1IXwOX8CkDWLagYVh5ht2GC/gTBvb/kaFre2d3b3ifung8Oj4pHx61tEqCgltE8VV2POwppxJ2jbMcNoLQoqFx2nXm96lfveZhpop+WRmAXUFHkvmM4JNIj3WvKthuWrX7SWsTeJkpAoZWsPyz2CkSCSoNIRjrfuOHRg3xqFhhNN5aRBpGmAyxWPaT6jEgmo3XladW5eJMrJ8FSZPGmup/k/EWGg9E15yKbCZ6HUvFf+8Us4NJjPNiM4ViA1Lfl/rZPxbN2YyiAyVZFXJj7hllJUuZOXzL2lPPU9WctY32SSdRt25rjsPjWqzku1VhAuoQA0cuIEm3EML2kBgDAt4hTe0QO/oA32uTgsoy5xDDujrFxrHmzA=</latexit>

(a)
<latexit sha1_base64="pqaPqUZCAkU++AMIDD3PKCwLLJk=">AAACC3icZVDNSsNAGPy2/tX6V/XoJbQI9VKSetBjwYvHivYH2lA22027dH9CdiOW0EfoVR/Em3j1IXwOX8CkDWLagYVh5ht2GC/gTBvb/kaFre2d3b3ifung8Oj4pHx61tEqCgltE8VV2POwppxJ2jbMcNoLQoqFx2nXm96lfveZhpop+WRmAXUFHkvmM4JNIj3W8NWwXLXr9hLWJnEyUoUMrWH5ZzBSJBJUGsKx1n3HDowb49Awwum8NIg0DTCZ4jHtJ1RiQbUbL6vOrctEGVm+CpMnjbVU/ydiLLSeCS+5FNhM9LqXin9eKecGk5lmROcKxIYlv691Mv6tGzMZRIZKsqrkR9wyykoXsvL5l7SnnicrOeubbJJOo+5c152HRrVZyfYqwgVUoAYO3EAT7qEFbSAwhgW8whtaoHf0gT5XpwWUZc4hB/T1Cxkhmy8=</latexit>

of powder soluble,
<latexit sha1_base64="E9gMk/g0k1TWdptg05C15FAcEl8=">AAACHHicZVDNSsNAGPxS/2r9i/XoZWkRPEhJ6kGPBS8eK9gfaEPZbDft0s1uyG60JfRVetUH8SZeBZ/DF3DTFjF1YGGY+YYdxo84U9pxvqzC1vbO7l5xv3RweHR8Yp+W20omMaEtIrmMuz5WlDNBW5ppTrtRTHHoc9rxJ3eZ33misWJSPOpZRL0QjwQLGMHaSAO7LAMUyechjZGSPDGxq4FddWrOEug/cdekCms0B/Z3fyhJElKhCcdK9Vwn0l6KY80Ip/NSP1E0wmSCR7RnqMAhVV667D5HF0YZokDG5gmNlurfRIpDpWahby5DrMdq08vEX6+Uc6PxTDGicgVSzczvG510cOulTESJpoKsKgUJR1qibDKUz0+znmpuVnI3N/lP2vWae11zH+rVRmW9VxHOoQKX4MINNOAemtACAlNYwAu8WgvrzXq3PlanBWudOYMcrM8f/gSiDA==</latexit>

heat, and clamps
<latexit sha1_base64="WC62oloZ63i180WxqVSTrPb8u9s=">AAACGnicZVDLSsNAFL2pr1pfUZduhhbBhZSkLnRZcOOygn1AG8pkOmmHzkyGzKRYQv+kW/0Qd+LWjd/hD5i0QUw9MHA45947h+MrzrRxnC+rtLW9s7tX3q8cHB4dn9inZx0dxhGhbRLyMOr5WFPOJG0bZjjtqYhi4XPa9af3md+d0UizUD6ZuaKewGPJAkawSaWhbU8oNtcIyxEiHAulh3bNqTsroP/EzUkNcrSG9vdgFJJYUGnSC1r3XUcZL8GRYYTTRWUQa6owmeIx7adUYkG1l6ySL9BlqoxQEEbpkwat1L8bCRZaz4WfTgpsJnrTy8Rfr1Jw1WSuGdGFAIlh6e8bmUxw5yVMqthQSdaRgpgjE6KsMFTcf85y6kXakrvZyX/SadTdm7r72Kg1q3lfZbiAKlyBC7fQhAdoQRsIzGAJL/BqLa036936WI+WrHznHAqwPn8A8hWg8Q==</latexit>

Figure 2. (a) Rig for sample preparation. (b) One prepared sample (air-texturised rovings) for impregnation tests.
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(a)
<latexit sha1_base64="pqaPqUZCAkU++AMIDD3PKCwLLJk=">AAACC3icZVDNSsNAGPy2/tX6V/XoJbQI9VKSetBjwYvHivYH2lA22027dH9CdiOW0EfoVR/Em3j1IXwOX8CkDWLagYVh5ht2GC/gTBvb/kaFre2d3b3ifung8Oj4pHx61tEqCgltE8VV2POwppxJ2jbMcNoLQoqFx2nXm96lfveZhpop+WRmAXUFHkvmM4JNIj3W8NWwXLXr9hLWJnEyUoUMrWH5ZzBSJBJUGsKx1n3HDowb49Awwum8NIg0DTCZ4jHtJ1RiQbUbL6vOrctEGVm+CpMnjbVU/ydiLLSeCS+5FNhM9LqXin9eKecGk5lmROcKxIYlv691Mv6tGzMZRIZKsqrkR9wyykoXsvL5l7SnnicrOeubbJJOo+5c152HRrVZyfYqwgVUoAYO3EAT7qEFbSAwhgW8whtaoHf0gT5XpwWUZc4hB/T1Cxkhmy8=</latexit>

(b)
<latexit sha1_base64="yLqUFkMXHdFFsxHevXSlsuAZ3TA=">AAACC3icZVDNSsNAGPy2/tX6V/XoJbQI9VKSetBjwYvHivYH2lA22027dH9CdiOW0EfoVR/Em3j1IXwOX8CkDWLagYVh5ht2GC/gTBvb/kaFre2d3b3ifung8Oj4pHx61tEqCgltE8VV2POwppxJ2jbMcNoLQoqFx2nXm96lfveZhpop+WRmAXUFHkvmM4JNIj3WvKthuWrX7SWsTeJkpAoZWsPyz2CkSCSoNIRjrfuOHRg3xqFhhNN5aRBpGmAyxWPaT6jEgmo3XladW5eJMrJ8FSZPGmup/k/EWGg9E15yKbCZ6HUvFf+8Us4NJjPNiM4ViA1Lfl/rZPxbN2YyiAyVZFXJj7hllJUuZOXzL2lPPU9WctY32SSdRt25rjsPjWqzku1VhAuoQA0cuIEm3EML2kBgDAt4hTe0QO/oA32uTgsoy5xDDujrFxrHmzA=</latexit>

x1
<latexit sha1_base64="DYfKP4Ak2kJYdvflhg8dAw1ZUnY=">AAACC3icdVDNSsNAGPxS/2r9q3r0srQInkKihdpbwYvHiqYttKFstpt26WYTshtpCX2EXvVBvIlXH8Ln8AVM2ihNwYGFYeYbdhgn4Ewqw/jSClvbO7t7xf3SweHR8Un59Kwt/Sgk1CI+98OugyXlTFBLMcVpNwgp9hxOO87kLvU7zzSUzBdPahZQ28MjwVxGsEqkx+nAHJSrpm4sgQy9kaBey0jDRL9WFTK0BuXv/tAnkUeFIhxL2TONQNkxDhUjnM5L/UjSAJMJHtFeQgX2qLTjZdU5ukyUIXL9MHlCoaW6noixJ+XMc5JLD6ux3PRS8c8r5dxgPJOMyFyBWLHk941Oyr21YyaCSFFBVpXciCPlo3QhlM9P055yvr7S/6R9rZs3uvlQqzYr2V5FuIAKXIEJdWjCPbTAAgIjWMALvGoL7U171z5WpwUty5xDDtrnDzqYm+U=</latexit>

x3
<latexit sha1_base64="kjgU0hVQYR56obUMqJ8XQ4ge6S0=">AAACC3icdVDNasJAGPxi/6z90bbHXhal0FNIqmC9Cb30aGn9AQ2yWTe6uNmE7KYowUfw2j5Ib6XXPkSfoy/QRNNihA4sDDPfsMPYPmdSGcaXltvZ3ds/yB8Wjo5PTouls/OO9MKA0DbxuBf0bCwpZ4K2FVOc9vyAYtfmtGtP7xK/+0wDyTzxpOY+tVw8FsxhBKtYepwNq8NSxdSNFZChN2LUaylpmOjXqkCK1rD0PRh5JHSpUIRjKfum4SsrwoFihNNFYRBK6mMyxWPaj6nALpVWtKq6QFexMkKOF8RPKLRSNxMRdqWcu3Z86WI1kdteIv55hYzrT+aSEZkpECkW/77VSTm3VsSEHyoqyLqSE3KkPJQshLL5WdJTLjZX+p90bnSzqpsPtUqznO6Vh0sowzWYUIcm3EML2kBgDEt4gVdtqb1p79rH+jSnpZkLyED7/AE94pvn</latexit>

x1
<latexit sha1_base64="7K6rSYl0rYvFvs5XrNmjdMRfb8I="></latexit>

x0
1

<latexit sha1_base64="41UwVKSbTHTqbQviD80e4qDwEHw="></latexit>

x2
<latexit sha1_base64="CwNtipoUui6PGfl6KUsuWEzdsTQ="></latexit>

Inlet
<latexit sha1_base64="1d3ooWWzpL0s111eyXmnRu/RlzU="></latexit>

Bottom plate (380 ⇥ 380 mm2)
<latexit sha1_base64="L8nhSHPeyeM7MPak+bDnetbMiLc="></latexit>

60�
<latexit sha1_base64="VPlrRevxKojZGbvYNnP/dbWokeg=">AAACEHicZVDNSsNAGPy2/tX6V/XoZWkRPJVEi3osePFYwf5AG8tmu2mXbjZhdyOW0JfoVR/Em3j1DXwOX8CkDWLagYVh5ht2GDcUXBvL+kaFjc2t7Z3ibmlv/+DwqHx80tZBpChr0UAEqusSzQSXrGW4EawbKkZ8V7COO7lL/c4zU5oH8tFMQ+b4ZCS5xykxidS9tp76lCs6KFetmrUAXid2RqqQoTko//SHAY18Jg0VROuebYXGiYkynAo2K/UjzUJCJ2TEegmVxGfaiRd9Z/g8UYbYC1TypMEL9X8iJr7WU99NLn1ixnrVS8U/r5Rzw/FUc6pzBWLDk99XOhnv1om5DCPDJF1W8iKBTYDTmXA+/5L21LNkJXt1k3XSvqzZVzX7oV5tVLK9inAGFbgAG26gAffQhBZQEDCHV3hDc/SOPtDn8rSAsswp5IC+fgE9hZ1y</latexit>

 
<latexit sha1_base64="YhteX1eLrvAAPPzSUHfyDInEr88=">AAACDHicZVDNSsNAGPzib61/VY9elhbBU0lU0GPBi8cK9gfaUDbbTbt0s1nybcQS+gq96oN4E6++g8/hC5i0QUw7sDDMfMMO42kp0Nj2t7WxubW9s1vaK+8fHB4dV05O2xjGEeMtFsow6noUuRSKt4wwknd1xGngSd7xJveZ33nmEYpQPZmp5m5AR0r4glGTSX2NYlCp2XV7AbJOnJzUIEdzUPnpD0MWB1wZJiliz7G1cRMaGcEkn5X7MXJN2YSOeC+ligYc3WTRdUYuUmVI/DBKnzJkof5PJDRAnAZeehlQM8ZVLxP/vHLB1eMpCoaFAokR6e8rnYx/5yZC6dhwxZaV/FgSE5JsIlLMv2Q9cZau5Kxusk7aV3Xnuu483tQa1XyvEpxDFS7BgVtowAM0oQUMxjCHV3iz5ta79WF9Lk83rDxzBgVYX7/VHZwx</latexit>

30�
<latexit sha1_base64="j+mefiGokq9ELlRp/B1fHaN6tcc=">AAACEHicZVDNSsNAGPy2/tX6V/XoZWkRPJXEFvRY8OKxgv2BNpbNdtMu3d2E7EYsoS/Rqz6IN/HqG/gcvoBJG8S0AwvDzDfsMG4guDaW9Y0KW9s7u3vF/dLB4dHxSfn0rKP9KKSsTX3hhz2XaCa4Ym3DjWC9IGREuoJ13eld6nefWai5rx7NLGCOJGPFPU6JSaRe3XoaUB7SYblq1awl8CaxM1KFDK1h+Wcw8mkkmTJUEK37thUYJyah4VSweWkQaRYQOiVj1k+oIpJpJ172nePLRBlhzw+Tpwxeqv8TMZFaz6SbXEpiJnrdS8U/r5Rzg8lMc6pzBWLDk9/XOhnv1om5CiLDFF1V8iKBjY/TmXA+/5L21PNkJXt9k03Sua7Z9Zr90Kg2K9leRbiAClyBDTfQhHtoQRsoCFjAK7yhBXpHH+hzdVpAWeYcckBfvziBnW8=</latexit>

120�
<latexit sha1_base64="dZpP4QfnSaGCwOjnn/DzwhQfvv8=">AAACEXicZVDNSsNAGPxS/2r9q3r0srQInkpSBT0WvHisYH+kjWWz3bRLdzchuxFL6FP0qg/iTbz6BD6HL+CmDWLagYVh5ht2GC/kTGnb/rYKG5tb2zvF3dLe/sHhUfn4pK2COCK0RQIeRF0PK8qZpC3NNKfdMKJYeJx2vMlt6neeaaRYIB/0NKSuwCPJfEawNtKjU7ef+oRFZFCu2jV7AbROnIxUIUNzUP7pDwMSCyo14VipnmOH2k1wpBnhdFbqx4qGmEzwiPYMlVhQ5SaLwjN0bpQh8oPIPKnRQv2fSLBQaio8cymwHqtVLxX/vFLODcdTxYjKFUg0M7+vdNL+jZswGcaaSrKs5Mcc6QClO6F8/iXtqWZmJWd1k3XSrtecy5pzf1VtVLK9inAGFbgAB66hAXfQhBYQEDCHV3iz5ta79WF9Lk8LVpY5hRysr1+uBZ2p</latexit>

r = 60mm
<latexit sha1_base64="mFg1tEXh2BbGvBHfJUgpcbwTEBg=">AAACGnicZVDNSsNAGPxS/2r9i3r0srQInkqiol6EghePFewPtKFsttt2aXYTsl9KS+ib9KoP4k28evE5fAGTNoipAwvDzDfsMG7gCY2W9WUUNja3tneKu6W9/YPDI/P4pKn9KGS8wXzPD9su1dwTijdQoMfbQcipdD3ecscPqd+a8FALXz3jLOCOpEMlBoJRTKSeaYbkntxYpIt8irGU855ZsarWEuQ/sTNSgQz1nvnd7fssklwh86jWHdsK0IlpiIJ5fF7qRpoHlI3pkHcSqqjk2omXzefkPFH6ZOCHyVNIlurfREyl1jPpJpeS4kive6n465VybjCaacF0rkCMIvl9rRMO7pxYqCBCrtiq0iDyCPokHYzk89O0p05Xstc3+U+al1X7qmo/XVdq5WyvIpxBGS7AhluowSPUoQEMJrCAF3g1Fsab8W58rE4LRpY5hRyMzx9Ye6Ca</latexit>

r = 120mm
<latexit sha1_base64="GxzxPY8+ivOj0ehLYL93P1NcG6o=">AAACG3icZVDNSsNAGNzUv1r/Uj16WVoETyWpgl6EghePFewPtKFstpt26e4mZL9oS+ij9KoP4k28evA5fAGTNohpBxaGmW/YYdxAcA2W9W0UtrZ3dveK+6WDw6PjE7N82tZ+FFLWor7ww65LNBNcsRZwEKwbhIxIV7COO7lP/c4zCzX31RPMAuZIMlLc45RAIg3McojvsF23cB/YFGIp5wOzatWsJfAmsTNSRRmaA/OnP/RpJJkCKojWPdsKwIlJCJwKNi/1I80CQidkxHoJVUQy7cTL6nN8kShD7Plh8hTgpfo/EROp9Uy6yaUkMNbrXir+eaWcG4xnmlOdKxADT35f6wTerRNzFUTAFF1V8iKBwcfpYjifn6Y9dbqSvb7JJmnXa/ZVzX68rjYq2V5FdI4q6BLZ6AY10ANqohai6AUt0Ct6MxbGu/FhfK5OC0aWOUM5GF+/ys2g0Q==</latexit>

Impregnated fabric
<latexit sha1_base64="oXqCFE8SHqDeBEIlWJnqMxdEaSc=">AAACI3icZVDLSsNAFJ34rPUVdSVuQovgqiQq6LLgRncV7APaUCbT23boZBIyN9ISil/TrX6IO3Hjwq/wB5y0QUx7YeBwzj3cM8cLBVdo21/G2vrG5tZ2Yae4u7d/cGgeHTdUEEcM6iwQQdTyqALBJdSRo4BWGAH1PQFNb3SX6s1niBQP5BNOQnB9OpC8zxlFTXXN0w7CGJMHX7sGkiL0rD71Is6mXbNsV+z5WKvAyUCZZFPrmj+dXsBiHyQyQZVqO3aIbkIj5EzAtNiJFYSUjegA2hpK6oNyk/kXpta5ZvTpINJPojVn/zsS6is18T296VMcqmUtJf+0Yk4NhxPFmcoFSJDr60uZsH/rJlyGMYJki0j9WFgYWGlzVt4/TnOqtCVnuZNV0LisOFcV5/G6XC1lfRXIGSmRC+KQG1Il96RG6oSRFzIjr+TNmBnvxofxuVhdMzLPCcmN8f0LqZalnA==</latexit>

150�
<latexit sha1_base64="gSx9ElrBRd5i8SQdbElKDOOgZRo=">AAACEXicZVDLSsNAFL2pr1pfVZduQovgqiQ+0GXBjcsK9iFtLJPppB06jzAzEUvoV3SrH+JO3PoFfoc/YNIGMe2BgcM59zCH44eMauM431ZhbX1jc6u4XdrZ3ds/KB8etbSMFCZNLJlUHR9pwqggTUMNI51QEcR9Rtr++Db1289EaSrFg5mExONoKGhAMTKJ9OheOU89TBXul6tOzZnDXiVuRqqQodEv//QGEkecCIMZ0rrrOqHxYqQMxYxMS71IkxDhMRqSbkIF4kR78bzw1D5NlIEdSJU8Yey5+j8RI671hPvJJUdmpJe9VPzzSjk3HE00xTpXIDY0+X2pkwluvJiKMDJE4EWlIGK2kXa6k53Pv6Q99TRZyV3eZJW0zmvuRc29v6zWK9leRTiBCpyBC9dQhztoQBMwcJjBK7xZM+vd+rA+F6cFK8scQw7W1y+zCZ2s</latexit>

Pressure sensor
<latexit sha1_base64="JzKXBrLdvzejxR0KWCi0S7NHLT8=">AAACIHicZVDNSsNAGNzUv1r/ooIXL0uL4KkkKuix4MVjBfsDbSib7dd2abIJ+22kJfZletUH8SYe9TV8AZM2iGkHFoaZb9hh3NATqC3ryyhsbG5t7xR3S3v7B4dH5vFJE4NIcWjwwAtU22UInpDQ0EJ70A4VMN/1oOWO71O/9QwKRSCf9DQEx2dDKQaCM51IPfOsq2Gi47oCxEgBRZAYqFnPrFhVawG6TuyMVEiGes/86fYDHvkgNfcYYse2Qu3ETGnBPZiVuhFCyPiYDaGTUMl8QCde9J/Ri0Tp00Ggkic1Xaj/EzHzEae+m1z6TI9w1UvFP6+Uc8PRFAXHXIFYi+T3lU56cOfEQoaRBsmXlQaRR3VA09loPj9Je2K6kr26yTppXlXt66r9eFOplbO9iuSclMklscktqZEHUicNwskLmZNX8mbMjXfjw/hcnhaMLHNKcjC+fwGoOKSa</latexit>

Inlet hole (r = 7.5 mm)
<latexit sha1_base64="CJKNc/6BQ4Fvx8O3uTg5JjWhBQU=">AAACI3icZVDLSsNAFJ34rPUVdSVuhrZC3YSkInUjFNzoroJ9QBvKZDpph84jZCZiCcWv6VY/xJ24ceFX+AOmbRDTHhg4nHMv98zxAkaVtu0vY219Y3NrO7eT393bPzg0j46bSkYhJg0smQzbHlKEUUEammpG2kFIEPcYaXmj25nfeiKholI86nFAXI4GgvoUI51IPfP0XjCi4VAyAsulEN7AqnVVgpxf9MyibdlzwFXipKQIUtR75k+3L3HEidCYIaU6jh1oN0ahppiRSb4bKRIgPEID0kmoQJwoN55/YQLPE6UPfRkmT2g4V/9vxIgrNeZeMsmRHqplbyb+efmMGwzHimKVCRBrmlxfyqT9azemIog0EXgRyY8Y1BLOmoPZ/edZTjVJWnKWO1klzYrlXFrOQ6VYK6R95cAZKIAycEAV1MAdqIMGwOAFTMEreDOmxrvxYXwuRteMdOcEZGB8/wKCs6KK</latexit>

x2
<latexit sha1_base64="S0Sk1ThKXovZg/cQZHSYwvU5zgE=">AAACC3icdVDNasJAGPxi/6z90bbHXhal0FNIrGC9Cb30aGn9AQ2yWTe6uNmE7KYowUfw2j5Ib6XXPkSfoy/QRNNihA4sDDPfsMPYPmdSGcaXltvZ3ds/yB8Wjo5PTouls/OO9MKA0DbxuBf0bCwpZ4K2FVOc9vyAYtfmtGtP7xK/+0wDyTzxpOY+tVw8FsxhBKtYepwNq8NSxdSNFZChN2LUaylpmOjXqkCK1rD0PRh5JHSpUIRjKfum4SsrwoFihNNFYRBK6mMyxWPaj6nALpVWtKq6QFexMkKOF8RPKLRSNxMRdqWcu3Z86WI1kdteIv55hYzrT+aSEZkpECkW/77VSTm3VsSEHyoqyLqSE3KkPJQshLL5WdJTLjZX+p90qrp5o5sPtUqznO6Vh0sowzWYUIcm3EML2kBgDEt4gVdtqb1p79rH+jSnpZkLyED7/AE8PZvm</latexit> Flow front

<latexit sha1_base64="CLfvXzk5Xrr2U1DEDAx6ckhbEkI=">AAACEnicZVDNSsNAGPxS/2r9q3r0srQInkpSD3osCOKxgv3BNpTNdtMu3eyG3Y1aQt+iV30Qb+LVF/A5fAGTNohpBxaGmW/YYbyQM21s+9sqbGxube8Ud0t7+weHR+Xjk7aWkSK0RSSXquthTTkTtGWY4bQbKooDj9OON7lJ/c4TVZpJ8WCmIXUDPBLMZwSbRHq85fIZ+UoKMyhX7Zq9AFonTkaqkKE5KP/0h5JEARWGcKx1z7FD48ZYGUY4nZX6kaYhJhM8or2EChxQ7caLxjN0nihD5EuVPGHQQv2fiHGg9TTwkssAm7Fe9VLxzyvl3HA81YzoXIHYsOT3lU7Gv3ZjJsLIUEGWlfyIIyNROhTK51/SnnqWrOSsbrJO2vWac1lz7uvVRiXbqwhnUIELcOAKGnAHTWgBAQFzeIU3a269Wx/W5/K0YGWZU8jB+voFaQGepA==</latexit>

x02
<latexit sha1_base64="roXX9s/7LNCPJHr5FH5huKoCsDQ=">AAACDHicZVDNSsNAGPy2/tX6V/XoZWkRPZWkCnosePFYwf5AG8pmu2mXbnZDdiMtoa/Qqz6IN/HqO/gcvoBJG8S0AwvDzDfsMG4guDaW9Y0KW9s7u3vF/dLB4dHxSfn0rK1VFFLWokqosOsSzQSXrGW4EawbhIz4rmAdd/KQ+p0XFmqu5LOZBczxyUhyj1NiUmk6qF8NylWrZi2BN4mdkSpkaA7KP/2hopHPpKGCaN2zrcA4MQkNp4LNS/1Is4DQCRmxXkIl8Zl24mXXOb5MlCH2VJg8afBS/Z+Iia/1zHeTS5+YsV73UvHPK+XcYDzTnOpcgdjw5Pe1Tsa7d2Iug8gwSVeVvEhgo3A6Ec7np2lPPU9Wstc32STtes2+qdlPt9VGJdurCBdQgWuw4Q4a8AhNaAGFMSzgFd7QAr2jD/S5Oi2gLHMOOaCvXw+2m7k=</latexit>

p1
<latexit sha1_base64="oZ2WkirKA4bEVT+/uQFrTlbOb7Y=">AAACC3icZVDNSsNAGPxS/2r9q3r0EloETyVRQY8FLx4r2h9oQ9lsN+3Sze6S3Ygl9BF61QfxJl59CJ/DF3CTBjHtwMIw8w07jC8ZVdpxvq3SxubW9k55t7K3f3B4VD0+6SgRR5i0sWAi6vlIEUY5aWuqGenJiKDQZ6TrT+9Sv/tMIkUFf9IzSbwQjTkNKEbaSI9y6A6rdafhZLDXiZuTOuRoDas/g5HAcUi4xgwp1Xcdqb0ERZpiRuaVQayIRHiKxqRvKEchUV6SVZ3b50YZ2YGIzOPaztT/iQSFSs1C31yGSE/UqpeKf16l4MrJTFGsCgUSTc3vK510cOsllMtYE46XlYKY2VrY6UJ2Mf+S9lRzs5K7usk66Vw23KuG+3Bdb9byvcpwBjW4ABduoAn30II2YBjDAl7hzVpY79aH9bk8LVl55hQKsL5+AZqVm38=</latexit>p2

<latexit sha1_base64="LtPZaZ4ebxs4Qj6oF49Wd/FXbKg=">AAACC3icZVDNSsNAGPy2/tX6V/XoJbQInkpSC3osePFY0f5AG8pmu2mX7m6W7EYsoY/Qqz6IN/HqQ/gcvoBJG8S0AwvDzDfsMJ7iTBvb/kaFre2d3b3ifung8Oj4pHx61tFBFBLaJgEPwp6HNeVM0rZhhtOeCikWHqddb3qX+t1nGmoWyCczU9QVeCyZzwg2ifSohvVhuWrX7CWsTeJkpAoZWsPyz2AUkEhQaQjHWvcdWxk3xqFhhNN5aRBpqjCZ4jHtJ1RiQbUbL6vOrctEGVl+ECZPGmup/k/EWGg9E15yKbCZ6HUvFf+8Us5Vk5lmROcKxIYlv691Mv6tGzOpIkMlWVXyI26ZwEoXsvL5l7SnnicrOeubbJJOveZc15yHRrVZyfYqwgVU4AocuIEm3EML2kBgDAt4hTe0QO/oA32uTgsoy5xDDujrF5w6m4A=</latexit>

p3
<latexit sha1_base64="TaOcn383JMv1Kjt0Um8gDETSWgk=">AAACC3icZVDNSsNAGPy2/tX6V/XoJbQInkpiC3osePFY0f5AG8pmu2mX7m6W7EYsoY/Qqz6IN/HqQ/gcvoBJG8S0AwvDzDfsMJ7iTBvb/kaFre2d3b3ifung8Oj4pHx61tFBFBLaJgEPwp6HNeVM0rZhhtOeCikWHqddb3qX+t1nGmoWyCczU9QVeCyZzwg2ifSohvVhuWrX7CWsTeJkpAoZWsPyz2AUkEhQaQjHWvcdWxk3xqFhhNN5aRBpqjCZ4jHtJ1RiQbUbL6vOrctEGVl+ECZPGmup/k/EWGg9E15yKbCZ6HUvFf+8Us5Vk5lmROcKxIYlv691Mv6tGzOpIkMlWVXyI26ZwEoXsvL5l7SnnicrOeubbJLOdc2p15yHRrVZyfYqwgVU4AocuIEm3EML2kBgDAt4hTe0QO/oA32uTgsoy5xDDujrF53fm4E=</latexit>

p4
<latexit sha1_base64="lYnMYKy+FDYSG2QNth6+/abw1N8=">AAACC3icZVDNSsNAGPy2/tX6V/XoJbQInkqihXosePFY0f5AG8pmu2mX7m6W7EYsoY/Qqz6IN/HqQ/gcvoBJG8S0AwvDzDfsMJ7iTBvb/kaFre2d3b3ifung8Oj4pHx61tFBFBLaJgEPwp6HNeVM0rZhhtOeCikWHqddb3qX+t1nGmoWyCczU9QVeCyZzwg2ifSohvVhuWrX7CWsTeJkpAoZWsPyz2AUkEhQaQjHWvcdWxk3xqFhhNN5aRBpqjCZ4jHtJ1RiQbUbL6vOrctEGVl+ECZPGmup/k/EWGg9E15yKbCZ6HUvFf+8Us5Vk5lmROcKxIYlv691Mv6tGzOpIkMlWVXyI26ZwEoXsvL5l7SnnicrOeubbJLOdc25qTkP9Wqzku1VhAuowBU40IAm3EML2kBgDAt4hTe0QO/oA32uTgsoy5xDDujrF5+Em4I=</latexit>p5

<latexit sha1_base64="6XrChloYyhQR93M+D1TH7fGkAiA=">AAACC3icZVDNSsNAGPxS/2r9q3r0EloETyXRih4LXjxWtD/QhrLZbtqlu5sluxFL6CP0qg/iTbz6ED6HL+CmDWLagYVh5ht2GF8yqrTjfFuFjc2t7Z3ibmlv/+DwqHx80lZhHGHSwiELo66PFGFUkJammpGujAjiPiMdf3KX+p1nEikaiic9lcTjaCRoQDHSRnqUg+tBuerUnAXsdeJmpAoZmoPyT38Y4pgToTFDSvVcR2ovQZGmmJFZqR8rIhGeoBHpGSoQJ8pLFlVn9rlRhnYQRuYJbS/U/4kEcaWm3DeXHOmxWvVS8c8r5Vw5niqKVa5Aoqn5faWTDm69hAoZayLwslIQM1uHdrqQnc+/pD3VzKzkrm6yTtqXNfeq5j7Uq41KtlcRzqACF+DCDTTgHprQAgwjmMMrvFlz6936sD6XpwUry5xCDtbXL6Epm4M=</latexit>

p6
<latexit sha1_base64="O2waLGlC6m3h6zOroB8wjNnpdNU=">AAACC3icZVDNSsNAGPxS/2r9q3r0EloETyXRoh4LXjxWtD/QhrLZbtqlu5sluxFL6CP0qg/iTbz6ED6HL+CmDWLagYVh5ht2GF8yqrTjfFuFjc2t7Z3ibmlv/+DwqHx80lZhHGHSwiELo66PFGFUkJammpGujAjiPiMdf3KX+p1nEikaiic9lcTjaCRoQDHSRnqUg+tBuerUnAXsdeJmpAoZmoPyT38Y4pgToTFDSvVcR2ovQZGmmJFZqR8rIhGeoBHpGSoQJ8pLFlVn9rlRhnYQRuYJbS/U/4kEcaWm3DeXHOmxWvVS8c8r5Vw5niqKVa5Aoqn5faWTDm69hAoZayLwslIQM1uHdrqQnc+/pD3VzKzkrm6yTtqXNfeq5j7Uq41KtlcRzqACF+DCDTTgHprQAgwjmMMrvFlz6936sD6XpwUry5xCDtbXL6LOm4Q=</latexit>

Inlet hole (rin = 7.5 mm)
<latexit sha1_base64="jL+XF77MntMofbIGx9qkIXNPon0=">AAACJnicZVDLSsNAFJ3UV62vqEtdDLZC3ZSkInUjFNzoroJ9QBvCZDpph85MQmYilpCNX9Otfog7EXf+gz9g0gYx7YGBwzn3cs8cx2dUKsP40gpr6xubW8Xt0s7u3v6BfnjUkV4YYNLGHvOCnoMkYVSQtqKKkZ4fEMQdRrrO5Db1u08kkNQTj2rqE4ujkaAuxUglkq2f3gtGFBx7jMBqJbAjKuKbRu2qAjm/sPWyUTPmgKvEzEgZZGjZ+s9g6OGQE6EwQ1L2TcNXVoQCRTEjcWkQSuIjPEEj0k+oQJxIK5r/IobniTKErhckTyg4V/9vRIhLOeVOMsmRGstlLxX/vFLO9cdTSbHMBYgUTa4vZVLutZVU4IeKCLyI5IYMKg+m5cH8/nOaU8ZJS+ZyJ6ukU6+ZlzXzoV5uwqyvIjgBZ6AKTNAATXAHWqANMHgBM/AK3rSZ9q59aJ+L0YKW7RyDHLTvX0HxpJQ=</latexit>

Pressure sensor, pi
<latexit sha1_base64="zOyrq01PWVMFl75x9hAJbFjnmds=">AAACIHicZVDNSsNAGNz4W+tfVPDiZbEVPEhJ6kGPBS8eK9gfaEvZbL+0S5NN2G8jltiX6VUfxJt41NfwBUzaIKYdWBhmvmGHcUJPoLasL2NtfWNza7uwU9zd2z84NI+OmxhEikODB16g2g5D8ISEhhbag3aogPmOBy1nfJf6rSdQKAL5qCch9Hw2lMIVnOlE6pundQWIkQKKIDFQV7Qc9kW5b5asijUHXSV2RkokQ71v/nQHAY98kJp7DLFjW6HuxUxpwT2YFrsRQsj4mA2hk1DJfMBePO8/pReJMqBuoJInNZ2r/xMx8xEnvpNc+kyPcNlLxT+vmHPD0QQFx1yBWIvk96VO2r3txUKGkQbJF5XcyKM6oOlsNJ9/TnviNFnJXt5klTSrFfu6Yj9USzWa7VUgZ+ScXBKb3JAauSd10iCcvJAZeSVvxsx4Nz6Mz8XpmpFlTkgOxvcvfHGjSQ==</latexit>
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Figure 3. (a) Permeability measurement cells designed for radial impregnation tests. (b) Schematic of the pressure
sensors and the radial flow that takes place inside the cavity of the permeability cell.
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Figure 4. Sample (conventional UD roving) for compaction tests placed between circular steel discs mounted in a
universal testing machine.
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Figure 5. Example of compaction-decompaction curve fitted using Eqs. (9-10). The levels, Vfci, σci, corresponds to
the compaction level of sample i before unloading.
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Figure 6. Experimental results of measured the permeability of air-texturised roving. Comparison of nominal and
best-fit fibre radii from Eq. (8) (cf. Gebart 21). Multiples are approximate.
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Figure 8. Applied compaction pressure, σ, vs. measured volume fraction, Vf , compared to model fit, Eqs. (9-10).
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compaction pressure, σc.
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Figure 10. Example of pressure readings from one permeability experiment used as a data point in Figs. 6 and 7.
The sensor locations are depicted in Fig. 10.
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Table 1. Overview of roving types.

Material name Conventional UD-roving Air-texturised roving
Vendor (and type) Mühlmeier Composites Vetrotex ECO14 5000 T10C
Glass type E-glass E-glass
Fibre radius, rf , [µm] 11 6
Tex [g/km] 4800 5000

Table 2. Parameters for the test setup used in permeability experiments.
1The constant injection rate was chosen wrt. to the cavity thickness and the volume fraction such that the impregnation time lasted
approximately seven minutes.

Parameter Quantity
Sample dimensions 380× 250 [mm×mm]
Test fluid and viscosity Bluesil 47 V 100, µ = 0.1 Pa·s
Cavity thickness, h 1.6− 2 [mm]
Volume fraction of samples 0.31− 0.38 [-]
Approx. number of rovings in each sample 70
Injection rate1 1− 1.4 · 10−7 [m3/s]
No of samples 12 samples

Table 3. Compiled best-fit based on the experimental data. *Refers to data from Bezerra et al. 31,32.

Conventional UD-roving Air-texturised roving
Principal permeabilities, cf. Eq. (8)
Best-fit fibre radii, Rf(K1), Rf(K2) 13.5, 3.5 µm* 11.7, 10.0 µm

Compaction/decompaction, cf. Eqs. (9-10)
Spring constant, As 0.31 [bar] 2.01 [bar]
Reference volume fraction, V0 −0.54 [-] −0.62 [-]
Ratio between power-laws, k1 0.43 [-] 0.58 [-]
Power-law exponents, ni 20.21, 9.18 · 103, 2.74 · 106 [-] 19.49, 3.01 · 103, 4.30 · 104 [-]

Table 4. Mean volume fractions and principal permeabilities, together with characteristic values, cv , of air-texturised
roving (cf. Table 1). Four samples were tested for each configuration.

Configuration Vf (±cv) [-] K1 (±cv) [10−11 m2] K2 (±cv) [10−11 m2]
Low Vf 0.31 (±1.05%) 6.25 (±14.41%) 0.82 (±12.20%)
Mid Vf 0.35 (±1.91%) 5.40 (±27.40%) 0.67 (±12.24%)
High Vf 0.38 (±0.63%) 3.58 (±28.20%) 0.52 (±21.57%)

Table 5. Test paramaters for compaction/decompaction experiments.

Parameter Quantity
Sample dimensions 250× 150 mm2

Diameter of compaction plates � = 135 mm
Applied load/pressure before unloading (σc) 5-20 kN/3.3-17.6 bar
Applied displacement rate, ḣ 2 mm/min
Number of samples 5 samples

Table 6. Mean value of volume fractions achieved at certain stress levels during loading of the materials tested. cv
refers to the characteristic value.

Vf (±cv) at σ = 1 bar Vf (±cv) at σ = 5 bar
Conventional UD roving 0.51 (±2.1%) 0.60 (±1.0%)
Air-texturised roving 0.34 (±1.3%) 0.43 (±0.9%)
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