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A B S T R A C T

Liquid Composite Moulding processes are considered as promising and effective to manufacture structure composite parts reinforced with synthetic and 
natural fabrics. The main novelty of this work is the estimation of capillary pressure (Pcap) for both fabrics at different fibre volume fractions (Vf) and with 
different liquids. From the previous works, the Pcap was defined as the equivalence between Washburn’s equation and Darcy’s law while our novel model for the 
capillary wicking could predict very well the swelling behaviour of natural fabrics. The combination of our Pcap definition and our novel model was explored in 
this study. Linear trends, thresholds and extremums of Pcap at different conditions were found for the first time. These results are relevant to estimate the 
importance of capillary effects during Liquid Composite Moulding processes and extremely valuable for nu-merical models at the fibrous scale to predict 
voids formation.   

1. Introduction

The need of manufacturing large composite parts in the trans
portation industry is driving the extension of Liquid Composite 
Moulding (LCM) processes. Those processes are known as efficient and 
cost effective but some issues about impregnation in fabrics remain and 

can induce voids or dry spots [1–3]. On the other hand, natural fibres 
have interesting properties, low density and better sustainability [4–8]. 
Composites reinforced by flax fibres have been shown to exhibit in some 
cases a specific modulus comparable or even higher than that of glass 
fibre reinforced composites [9]. However, it appears that the impreg
nation issues could be more significant with natural fibres due to their 
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Most of studies in the Pcap focus on synthetic fabrics (carbon, glass) 
which the geometrical configuration does not change during the 
impregnation. On the other hand, very few studies on the Pcap with 
natural fabrics have been found in the literature [38]. This is mostly 
because natural fibres have not a stable morphology during wicking as 
observed in the previous studies of the authors [39,40]. However, it is 
interesting to mention that our novel model developed in the previous 
works [39,40] can predict very well the capillary wicking in flax fabrics 
at different Vf, taking into account the multi-scale swelling effects of the 
fibres at the elementary fibre level and at the individual yarn level. 

The ambition of the present work is thus to estimate the Pcap in 
carbon fabrics and for the first time in flax fabrics. This work is the 
combination of our definition about Pcap with our novel model pre
dicting capillary wicking in natural fabrics. The main novelty of this 
approach resides in two aspects: the study of Pcap in natural fabrics with 
a Washburn advancing contact angle estimated for a model from the 
previous works [39,40] and the correlation between the Pcap and the Vf, 
for both types of fabrics (carbon vs flax) and of liquids (n-hexane vs 
water). 

2. Theory

2.1. Equivalence law for capillary pressure (Pcap)

Assuming that fibre bundles inserted into a hollow cylinder can be 
regarded as a pack of capillary tubes [33] and according to the con
ventional Washburn’s equation, the linear evolution of squared mass 
gain as a function of time should be obtained in constant porous me
dium. This can be expressed as follows neglecting gravity effects [41]: 

m2(t) =

[
(cr)ε2

(
πR2

)
2

2

]
ρ2γLcosθa

η t (1)  

where c is a parameter taking into account tortuosity, r is the mean 
porous radius, ε is the porosity, which is considered as 1 – Vf (Vf: the 
fibre volume fraction), and R is the radius of a hollow cylinder. ρ, γL and 
η are the liquid density, surface tension and viscosity, respectively and θa 
is the apparent equivalent advancing contact angle. For constant me
dium porosity (related to geometric product cr), Eq. (1) fits very accu
rately to the experimental data for synthetic fabrics over time [33,40]. 

The flow of liquid in a porous medium can also be described by the 
Darcy’s law [42]. This equation relates an equivalent fluid velocity νD to 
a pressure drop with the help of permeability K, characterizing the 
ability of a porous medium to be crossed by a liquid of viscosity η: 

νD = −
K
η

dP
dh

(2) 

In the case of wicking of fibre bundles into a hollow cylinder, Eq. (2) 
was rewritten considering the porosity ε and introducing a negative Pcap 
in the pressure gradient. Integrating linearly the Darcy’s law and 
rewriting this expression as a function of the squared mass gain, a linear 
relation over time was obtained [33]: 

m2(t) =
2Kερ2

(
πR2

)
2Pcap

η t (3)  

where R is the radius of the cylindrical sample holder and ρ is the liquid 
density. 

In order to give a physical meaning to the Pcap, it is thus possible to 
state the equivalence between the Washburn (Eq. (1)) and the Darcy (Eq. 
(3)) equations describing the wicking of porous medium. The resulting 

surface properties [10–12]. 
During the impregnation of resin in the fibre network, there is a 

competition between viscous and capillary effects that are related to the 
dimensionless capillary number Ca [13–17]. Different type of defects at 
different localisation can occur during manufacturing depending on the 
Ca. Some experimental and numerical studies were carried out to 
investigate voids entrapment and its dependence on the Ca. These 
studies, mostly in Resin Transfer Moulding, aim to determine optimal 
process parameters, controlling velocity during impregnation in fabrics 
[18–20]. 

In the LCM processes, the impregnation in fabric by resin is 
commonly driven by a pressure gradient. Resin Transfer Moulding 
(RTM) utilises positive operating pressures. However, such injection 
pressure is commonly low because high pressure can cause fibre 
misalignment and fibre breakage [21]. In Vacuum Infusion (VI), the 
pressure is lower than the atmospheric pressure and is limited to −  1 bar. 
In case of Vacuum Assisted Resin Transfer Moulding (VARTM), the 
system operates with positive injection pressure while the mould cavity 
is kept under vacuum [22]. In these processes, low pressure is used, 
meaning that all other forms of pressure such as capillary pressure (Pcap) 
cannot be neglected [23]. This is because such pressure can contribute to 
the overall pressure gradient to drive flow front movement. Hence, an 
error in calculation of the overall pressure gradient can occur if the 
capillary pressure is not considered [23,24]. In numerical models, the 
pressure gradient has been modified introducing a pressure drop at the 
flow front [25–27]. Experimentally, different authors in literature have 
proposed some methods to estimate Pcap [21,23,28–33]. 

Pcap is a homogenised representation of local wetting effects that 
depends on the morphology of the medium and its interaction with the 
liquid. The Pcap was fundamentally estimated using the Young-Laplace’s 
equation [34]. In this case, some shape factors appear to take into ac-
count the flow direction, depending on the geometrical configuration of 
fabrics. The Young-Laplace’s equation was used coupled with the Dar-
cy’s law, measuring simultaneously the Pcap with the permeability [21, 
31,32]. A similar definition of Pcap and the permeability test were pro-
posed by Verrey et al., 2005 [30], where a parameter representing the 
area of fibre-matrix interface per unit volume of matrix appears. It al-
lows the authors to estimate the Pcap under a constant applied pressure 
gradient and at a constant flow rate. Shape factors are difficult to 
measure, and results depend on such parameters. Using the same 
permeability test of Verrey et al., 2005, Francucci et al., 2012 [35] found 
that the Pcap increased with higher fibre volume fraction (Vf) and 
capillary effects and micro flows are more dominant in natural fabrics 
than synthetic fabrics. 

Other works focused on the spontaneous capillary wicking and the 
regime of wetting to determine the Pcap [23,36,37]. For example, an 
experiment was designed by Batch et al., 1996 [36] to measure capillary 
flow by the rate of weight gain of fibre-filled tube. The driving force for 
this flow was only Pcap and no external driving pressure was applied 
during impregnation. In the same line with this concept, the previous 
study of the authors introduced a new definition of Pcap, also using the 
capillary wicking test in fibre-filled hollow cylinder [33]. This definition 
takes an equivalence between Washburn’s equation and Darcy’s law. 
The Pcap thus depends on parameters accounting for the geometry of the 
porous medium, the fluid-solid interactions and the medium perme-
ability. The geometrical parameters and the fluid-solid interactions were 
experimentally determined by capillary wicking test while the magni-
tude of permeability was chosen. As a result, the estimated values of Pcap 
were close to the ones found in literature [21,30] and these values have 
been introduced to finite element simulations to describe more accu-
rately LCM processes for composite parts [25]. 



expression is: 

Pcap = (cr)ε γLcosθa

4K
(4) 

The Pcap thus depends both on the porous medium morphology (a 
parameter related to tortuosity c, mean capillary radius r, porosity ε and 
the medium permeability K) and parameters taking into account the 
interactions between the fluid and the porous medium (surface tension 
of the fluid γL and the apparent advancing contact angle θa). 

2.2. The interpretation of capillary pressure calculation 

In this work, the Pcap values of carbon and flax fabrics are calculated 
using Eq. (4). The porosity ε is considered as 1 – Vf and the surface 
tension of the fluid γL is taken from Table 1 (Section 3.2). This means 
that the medium permeability K, the geometric product cr and the 
apparent advancing contact angle θa need to be determined in order to 
determine Pcap. 

Based on regularly ordered and aligned filaments, equation of 
permeability along the fibres K// was derived by Gebart [43]: 

K// =
8R2

f

ς

(
1 − Vf

)
3

V2
f

(5)  

where Rf is the fibre radius (3.5 µm for carbon fibre and 10 µm for flax 
fibre are the mean values that are considered in this study) and ς is the 
shape factor with the value of 53 for a hexagonal arrangement [43]. 

The geometric product cr and the apparent advancing contact angle 
θa are determined by capillary wicking test using Eq. (1). In the constant 
porous medium, e.g. carbon fabrics, the evolution of squared mass gain 
as a function of time was linearly observed with both n-hexane and 
water as described in conventional Washburn’s equation. The geometric 
product cr is first determined with n-hexane. Such liquid is considered as 
a totally wetting liquid which has an apparent equivalent advancing 
contact angle of 0◦. Once cr is known, it can be substituted into Eq. (1) 
again. Hence, the apparent advancing contact angle θa can be calculated 
through a wicking test with water. 

2.3. Adaptation to dual scale swelling of natural fibres 

However, for natural fibres, the porous medium changes over time 
during wicking of water, due to fibre swelling. In this case, the wicking 
test with n-hexane can only be used to determine the initial non-swollen 
geometrical parameter of the fibrous medium (cr). In a previous study of 
the authors [40], Washburn’s model was modified, taking into account 
the fibre swelling at two scales, i.e. elementary fibres and individual 
yarns. The (cr) can now be expressed as a function of the surface ratio 
(∅yarn) of yarn in a section of a fabric made of natural fibres: 

cr = c
( (

1 − ∅yarn
)
R+∅yarnr′

)
(6)  

where R is the inter yarn mean pore radius and r′ the intra yarn mean 
pore radius [40]. 

During swelling of fibres and the associated swelling of yarns, the 
mean pore radiuses decrease along with the swelling rate of both fibres 
and yarns. Those two parameters have been identified in authors pre

vious work as linear [40]. Eqs. (7) and (8) can thus be written: 

(cr)(t) = c
( (

1 − ∅yarn
)
(R0 − bt)+∅yarn

(
r
′

0 − at
) )

(7)  

(cr)(t) = (cr)ini − ct
( (

1 − ∅yarn
)
b+∅yarna

)
(8)  

where R0 and r
′

0 are the initial pore radiuses, and a and b are the 
respective apparent swelling rates of fibres and yarns. Then it is possible 
to insert those assumption in the authors first model of wicking in re
inforcements undergoing swelling [39] to be able to describe the devi
ation to Washburn’s original law (Eq. (3)): 

if (cr)(t) > (cr)fin

(cr)(t) = (cr)ini − ct
( (

1 − ∅yarn
)
b+∅yarna

)
(9)  

else  

(cr)(t) = (cr)fin (10) 

The proposed model satisfactorily fits experimental results from 
capillary tests at different Vf, allowing to obtain the apparent advancing 
contact angles θa for flax fabrics with water. Fig. 1 shows a wicking test 
for the flax fabrics with water and the fit of this non-linear trend with 
model proposed in Vo et al. [40]. 

3. Experiments

3.1. Fabrics

Carbon and flax fabrics used in this study are quasi-unidirectional 
woven fabrics. Carbon fabrics were supplied by Hexcel with material 
code 48580®. Such fabrics contain 3% in volume of glass tows in weft 
direction. They have an areal weight of 541 g/m2 and density of 1.8 g/ 
m3. Flax fabrics were provided by Libeco under the commercial desig
nation FLAXDRY UD 180®. Their areal weight is 180 g/m2 and density 
is 1.45 g/m3. Both types of fabrics were used in our previous works 
dealing with wicking [33,39,40]. 

3.2. Test liquids 

N-hexane and distilled water were selected in this study. The first one
has low and totally dispersive surface tension, making it suitable for 
determination of the initial non-swollen geometrical parameters of the 
fibrous medium (cr) appearing in the Washburn’s equation (Eq. (1)). 
The second one was chosen to determine the apparent advancing contact 
angle θa from wicking tests. Contrarily to n-hexane, water is polar. With 
both liquids, Pcap is estimated for carbon and flax fabrics. Table 1 pre
sents the surface tension, components, density and viscosity of these test 
liquids, as found in literature [44]. 

Table 1 
Characteristic of test liquids at 20 ◦C.   

ρ (g/cm3) η (mPa s) γL (mN/m) γp
L (mN/m)  γd

L (mN/m)  

N-hexane  0.659 0.32  18.4 0.0  18.4 
Water  0.998 1.00  72.8 51.0  21.8 

With ρ, η, γL, γp
L and γd

L representing respectively the density, viscosity, surface 
tension and its polar and dispersive components. 

Fig. 1. Fitting of experimental wicking data with the model proposed in Vo 
et al. [40] at 50% Vf. 



4. Results and discussion

In order to calculate the value of Pcap for carbon and flax fabrics from

Eq. (4), the medium permeability K, the geometric product cr and the 
advancing contact angle θa have to be determined for each Vf. 

4.1. Estimation of the medium permeability 

An important parameter to determine the Pcap is the magnitude of 
permeability K. According to Gebart [43], this parameter depends on the 
fibre radius and fibre volume fraction, as shown in Eq. (5). Table 2 
presents the value of permeability of carbon and flax fabrics at different 
Vf. K decreases as Vf increases and the magnitude of permeability of 
carbon fabrics is much lower than that of flax fabrics. This is logical 
because the radius of carbon fibre is much smaller than the one of flax 
fibre at the same Vf. 

Fig. 2. Linear fit of a wicking test for carbon fabrics at 50% Vf with (a) n- 
hexane and (b) distilled water. 

Table 2 
Magnitude of permeability of carbon and flax fabrics with hexagonal packing at 
different Vf, according to Gebart [43].  

Vf (%) K// of carbon fabrics (µm2) K// of flax fabrics (µm2) 

30  7.0 57.5 
35  4.1 33.8 
40  2.5 20.4 
50  0.9 7.5 
55  0.6 4.5 
60  0.3 2.7 
65  0.2 1.5  

Fig. 3. Wicking curves in warp direction of carbon fabrics with (a) n-hexane 
and (b) distilled water at 50%, 55% and 65% Vf. 

3.3. Wicking tests 

The procedure was well described in details in previous works of the 
authors [33,40]. First, the amount of fabrics was calculated based on the 
total inner volume of the vertical sample holder consisting in a cylin-
drical tube (height of 20 mm and radius of 6 mm) [33] with certain Vf 
(Vf is considered as a ratio between the volume of fibre and the total 
inner volume of the cylindrical tube). The fabrics were then rolled along 
the transverse direction and inserted into a tube in order to study the 
wicking in the warp direction of fabric (parallel to fibre direction). The 
dynamic tests of capillary wicking were performed with a tensiometer 
(DCAT11, DataPhysics Instrument GmbH, Fildestrardt, Germany). The 
vertical tube was attached to the tensiometer and the base containing a 
vessel with a test liquid moved up towards the tube with a speed of 
0.5 mm/s. The microbalance with weight detection of 10 μg was set. 
When the liquid touched the tube and the mass gain was higher than 
10 μg, the base stopped moving and data of mass gain as a function of 
time started recording. 

The wicking test was first performed with n-hexane. After weight 
saturation, the tube containing fibres was dried in an oven at 60 ◦C to let 
n-hexane evaporate. The mass loss was checked with microbalance until 
the weight did not change, the drying process took approximately two 
hours. The wicking test was then continued with water. All experiments 
were done at 20 ◦C and at least five individual tubes were tested for each 
fabric and with certain Vf. Fig. 2 shows an example of experimental data 
of the linear fits for carbon fabrics with n-hexane and with water. It is 
important to observe that the plateau achieved on figures is due to the 
liquid reaching the top of the sample and not due to an equilibrium 
induced by gravity effects.

Experiments in the present study were designed to investigate Pcap in 
fabrics in the warp direction varying the Vf. Wicking tests were per-
formed in n-hexane and then in distilled water at different Vf (0.5, 0.55 
and 0.65 for carbon fabrics, and 0.5 for flax fabrics). It should be noted 
that wicking at 40% Vf of carbon fabrics is repeated in this study in order 
to validate the proof of concept. Wicking tests for other Vf (0.3, 0.35, 0.4 
and 0.6) were considered from the previous works [33,39,40]. 



4.2. Wicking in carbon fabrics 

Following the procedure described in Section 3.3, the wicking tests 
were performed in the hollow tube for carbon fabrics with Vf of 50%, 
55% and 65%. Fig. 3 shows the correlation between the squared mass 
gain and wicking time for carbon fabrics with different test liquids. The 
lowest Vf has the highest equilibrium mass because the high void space 
in between fibres can trap a higher amount of liquid at low fibre content. 
The linear trends of the wicking process for both liquids indicate that the 
conventional Washburn’s equation (Eq. (1)) can be applied. 

Tables 3 and 4 present the results of linear fitting with correlation 
coefficient (R2) for each sample with n-hexane and water, respectively, 
and subsequently the determined geometric product cr and the 
advancing contact angle θa. The values of cr is lower at higher Vf. This is 
expected since cr is proportional to the void space in between the fibres 
which is lower at higher fibre content. According to Eq. (1), the apparent 
advancing contact angle θa is determined thanks to the geometric 
product cr. Smaller θa commonly describes a faster capillary wicking but 
this can only be observed when the geometry is fixed [41]. Here, the 
geometry varies with the change of Vf and it is shown that, as seen for cr, 
also the apparent advancing contact angle decreases as Vf increases. 

4.3. Wicking in flax fabrics 

The same wicking test and calculation method as for carbon fabrics 
were used for flax fabrics. Experiments were performed at Vf of 50%.  
Fig. 4 shows the results of wicking test for flax fabrics with squared mass 
gain as a function of time with n-hexane and then with distilled water. 
Initial linear curve with n-hexane indicates that Washburn’s equation 
can be applied to determine the initial geometric product cr, as shown in  
Table 5. In case of wicking with water, as expected, the linearity of 
wicking can no longer be observed. Swelling of flax fibres during 
wicking leads to an evolution of morphology of this porous medium 
(then of cr) and hence Washburn’s equation cannot be directly applied. 
Then, the model proposed in Vo et al. [40] including swelling of 
elementary flax fibres and yarns in water was used to fit wicking tests 
and determine the apparent advancing contact angle θa. Table 5 shows 
θa calculated from model for tested samples with water. The values of θa 
seem to fluctuate from one sample to another. However, considering the 
average value at this Vf (50%), the contact angle is decreasing at higher 
Vf, as observed in Table 6 (Section 4.4). 

4.4. Summary on wicking parameters at different fibre volume fraction 

The conventional Washburn’s equation describes the linearity of 
squared mass gain as a function of time for invariant porous structure 
morphology. Hence the geometric product cr and the apparent 
advancing contact angle θa of carbon fabrics can be determined at each 
Vf. In the case of flax fabrics, the cr values were determined by following 
the Washburn’s equation while the θa values were estimated by the 
model developed in the previous study of the author [40]. This model, 
which takes into account the swelling behaviour of natural fibres at 
different levels, can fit very well with different Vf. Table 6 shows the 
average wicking parameters for both carbon and flax fabrics obtained in 
this study and in the previous ones [33,39,40]. 

These results are coherent with the observation already mentioned: 
increasing the Vf, cr decreases and, even if the wicking kinetic is slower, 
the resulting advancing contact angle also decreases. 

4.5. Determination of the equivalent capillary pressure 

Now that the wicking parameters, i.e. the geometric product cr and 
the apparent advancing contact angle θa, and the permeability K have 
been determined, hence the Pcap can be calculated based on Eq. (4).  
Fig. 5 (and Table 7 for numerical values) shows the results of Pcap at 
different Vf for carbon and flax fabrics with both n-hexane and water. In Ta
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case of carbon fabrics, it is interesting to note that there is a threshold at 
55% Vf. The Pcap slightly decreases from 40% to 55% with n-hexane and 
then it drops significantly at 60% and 65%, corresponding to R2 of 0.918 
for this second part. On the other hand, when wicking with water, such 
pressure strongly increases from 40% to 55% Vf (R2 = 0.985) and then 
decreases drastically with higher Vf (R2 = 0.998). This has not been seen 
in literature and should be the focus of a further study. 

Different behaviour was observed for wicking with flax fabrics. A 

linear increasing trend from low to high Vf was obtained for both n- 
hexane and water, corresponding to R2 of 0.995 and 0.976, respectively. 
It should be noted that in case of water, Pcap at 30% Vf was not consid
ered to take the linear trend because this value was almost zero, like at 
35% Vf. This linear trend is in agreement with the study of Francucci 
et al., 2012 for the Pcap in jute fabrics with vinyl-ester [35]. Furthermore, 
the magnitude of Pcap for wicking in flax fabrics is much lower than in 
carbon fabrics. It is reasonable because the equation of Pcap (Eq. (4)) 
depends on the value of permeability K which is proportional to the fibre 
radius. Namely, flax fibre radius (around 10 µm for elementary fibre) is 
much higher than carbon fibre radius (around 3.5 µm). Hence Pcap in flax 
fabrics is much lower than in carbon fabrics, according to Gebart’s 
permeability model [43]. 

The magnitude of Pcap for wicking in carbon fabrics with n-hexane at 
40% Vf is higher than that estimated by Pucci et al., 2015 [33] for the 
same unidirectional fibrous preforms. This difference lays on how the 
magnitude of permeability is obtained. Namely, the permeability in this 
paper is estimated using Gebart’s equation with variation of Vf. On the 
other hand, the ones obtained in Pucci et al., 2015 were assumed based 
on the correlation between the three main directions, and these values 
were assumed constant in the first approach. 

5. Conclusions

The presented work proposes a significant extension of methods
previously published [25,39,40] confirming the large range of validity 
of the Pcap defined through wicking. The main novelty can be summar
ised in three principal conclusions. 

The first one is that the Pcap depends on the tested liquid. It is the first 
time that the Pcap is also calculated for n-hexane. The second one is 
linked to the reliability of the model developed to consider the swelling 
of natural fibres. It was proved with the present results that the model is 
able to provide Washburn’s equivalent advancing contact angles that 
can be used to calculate relevant Pcap with water in flax fabrics. The third 
and main novelty of this work resides in the study of the influence of Vf 
on Pcap for different liquids and fabrics. The principal conclusions 

Carbon Vf = 50% Vf = 55% Vf = 65% 

Linear slope R2 θa (◦) Linear slope R2 θa (◦) Linear slope R2 θa (◦) 

Sample 1 
Sample 2 
Sample 3 
Sample 4 
Sample 5  

0.383 
0.382 
0.359 
0.316 
0.360  

0.999 
0.999 
0.999 
0.999 
0.999  

74.8 
76.3 
76.1 
78.0 
76.7  

0.207 
0.244 
0.176 
0.268 
0.195  

0.999 
0.999 
0.999 
0.999 
0.999  

68.7 
69.1 
69.9 
66.4 
69.3  

0.024 
0.029 
0.030 
0.027 
0.031  

0.996 
0.992 
0.994 
0.993 
0.993  

63.5 
49.8 
55.2 
57.5 
56.3  

Fig. 4. Wicking curves in warp direction of flax fabrics with (a) n-hexane and 
(b) distilled water at 50% Vf.

Table 5 
Results of wicking tests for flax fabrics with n-hexane at 50% Vf and the 
advancing contact angle θa with water estimated from model.  

Flax Vf = 50% 

Linear slope R2 cr (µm)  θa (◦)a 

Sample 1 
Sample 2 
Sample 3 
Sample 4 
Sample 5  

0.197 
0.223 
0.268 
0.244 
0.194  

0.999 
0.998 
0.998 
0.998 
0.998  

4.9 
5.6 
6.7 
6.1 
4.9  

81.5 
77.5 
65.0 
67.5 
81.0  

a Data obtained through the previous model [40]. 

Table 4 
Results of wicking tests for carbon fabrics with distilled water at different Vf.  



obtained here are the linear trend of the Pcap as a function of Vf and that 
it can reach a maximum. Indeed, it was demonstrated that the Pcap could 
either be constant or vary linearly, depending on the type of fabrics 
(synthetic or natural) and liquids. A threshold value at which the trend is 
modified have been shown at 55% in carbon fabrics, while such a 
threshold could not be reached in flax fabrics. This might be due to the 
values of Pcap that are significantly lower in flax (ten times lowers). 

The results obtained in the present study are of first interest for 
composite manufacturing simulation [25,26] and a major concern for 
complex part and 3D reinforcements [45]. Formulating an analytical 
description of the change of Pcap with Vf is thus the next step to be 
included in further numerical studies along with the understanding and 
predicting the occurrence of the threshold in further experimental 
studies. 

Table 6 
Average wicking parameters of carbon and flax fabrics at different Vf.  

Fabrics Vf (%) cr (µm)  θa (◦) 

Carbon  40 28.3 ± 2.4 82.7 ± 0.9  
50 13.0 ± 0.7 75.9 ± 1.5  
55 6.4 ± 0.8 68.7 ± 1.4  
60 2.3 ± 0.4(1) 55.4 ± 3.8(1)

65 0.9 ± 0.1 56.5 ± 4.9 
Flax  30 14.2 ± 0.8(2) 87.0 ± 0.3(3)

35 13.4 ± 1.3(2) 76.5 ± 0.4(3)

40 12.2 ± 1.4(2) 76.5 ± 1.0(3)

50 5.7 ± 0.8 74.5 ± 7.7(3)

60 3.8 ± 0.4(1) 68.3 ± 4.2(3) 

(1) Data taken from Vo et al. [40].
(2) Data taken from Pucci et al. [39].
(3) Data obtained through the previous model [40].

Fig. 5. Capillary pressure in carbon fabrics with n-hexane a) and water b); in flax fabrics with n-hexane c) and water d) at different Vf.  

Table 7 
Capillary pressure in carbon and flax fabrics at different Vf.  

Fabrics Vf (%) Pcap, n-hexane (kPa) Pcap, water (kPa) 

Carbon  40 31.3 ± 2.7 15.7 ± 2.6  
50 32.4 ± 1.6 31.1 ± 2.4  
55 30.0 ± 3.8 43.3 ± 7.4  
60 13.1 ± 2.0 29.0 ± 1.1  
65 7.7 ± 0.6 16.7 ± 1.6 

Flax  30 0.4 ± 0.0 0.1 ± 0.1  
35 0.7 ± 0.1 0.1 ± 0.3  
40 1.1 ± 0.1 1.0 ± 0.5  
50 1.7 ± 0.2 1.9 ± 1.2  
60 2.6 ± 0.3 3.8 ± 0.9  
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principes à suivre et des formules à employer dans les questions de distribution 
d′eau. Victor Dalmont, 1856. 

[43] B.R. Gebart, Permeability of unidirectional reinforcements for RTM, J. Compos. 
Mater. 26 (1992) 1100–1133, https://doi.org/10.1177/002199839202600802. 

[44] C. Rulison, Wettability studies for porous solids including powders and fibrous 
materials, Appl. Note (1996) 302. 

[45] A. Geoffre, Y. Wielhorski, N. Moulin, J. Bruchon, S. Drapier, P.-J. Liotier, Influence 
of intra-yarn flows on whole 3D woven fabric numerical permeability: from Stokes 
to Stokes-Darcy simulations, Int. J. Multiph. Flow 129 (2020), 103349, https://doi. 
org/10.1016/j.ijmultiphaseflow.2020.103349. 

https://doi.org/10.1177/002199839202600802
http://refhub.elsevier.com/S0927-7757(21)01989-0/sbref43
http://refhub.elsevier.com/S0927-7757(21)01989-0/sbref43
https://doi.org/10.1016/j.ijmultiphaseflow.2020.103349
https://doi.org/10.1016/j.ijmultiphaseflow.2020.103349

