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a b s t r a c t 

The Boundary Element Method (BEM) is implemented in the simulation of compression, displacement, migration 

and splitting of intra-tow voids in dual-scale fibrous reinforcements. The last three processes have not been 

simulated at mesoscopic scale in previous works due to the consideration of a constant pressure in the channels 

of the Representative Unitary Cell. In this work, both the channels and tows are modeled using the Stokes and 

Darcy equations, respectively, a pressure gradient is prescribed along the fluid motion, and full air compressibility 

is deemed, thereby allowing to consider these three processes. The void migration process from the weft towards 

the channel is analyzed in terms of the ratio between the average air migration velocity and the average liquid 

velocity, and of the normalized air rate from the weft towards the channel. According to BEM results, the bubble 

can migrate at both lower and higher velocities with respect to the liquid velocity, and the void removal out of 

the tows can occur after several stages of compression–displacement–migration–splitting; additionally, the bubble 

breaks up after several cycles of expansion and compression. BEM results also show that the liquid surface tension, 

pressure gradient and average channel pressure have important influence in the void migration process. 

© 2017 Elsevier Ltd. All rights reserved. 

1. Introduction 

Most of fibrous reinforcements used in the processing of composites 
materials can be considered as dual-scale porous media, in which two 
domains with very dissimilar permeabilities are present in the Represen- 
tative Unitary Cell (RUC); in this particular case, these domains are the 
high-permeable channels and the low-permeable tows. Accordingly, this 
kind of reinforcements are commonly known as dual-scale fibrous rein- 
forcements, in which the imbalances between the capillary flow in the 
tows and the viscous flow in the channels cause the formation of voids by 
mechanical entrapment of air [1–7] . Once the voids are formed, several 
processes can take place in them, like compression, displacement, mi- 
gration and splitting. The physical assumptions and governing equations 
of each process depend on the zone where the void is located. For chan- 
nel voids (macrovoids or inter-tow voids), a spherical bubble that ex- 
periences a compression governed by the ideal gas law was reported by 
Lundström [8] , where the capillary pressure was taken into account and 
the bubble shape did not change when compressed. On the other hand, 
the displacement of macrovoids along the channels has been studied in 
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both numerical [3,9–12] and experimental works [11,13–15] , where it 
has been mentioned that this process is mainly governed by drag and 
adhesion forces. The former forces make reference to the pressure gra- 
dient between both extremes of the bubble, while the latter ones refer 
to the interfacial adhesion between the bubbles and the walls of the 
domain that represent the contour of the tows. If the bubble is smaller 
than the inter-tow space (channel) it tends to be spherical to minimize 
the free surface energy [15] and it moves easily until it reaches a con- 
striction where a minimum pressure gradient is required to preserve 
the motion [16,17] . On the contrary, if the frontal section of the bub- 
ble is equal to the inter-tow space, the bubble tends to be cylindrical 
when its volume increases [15] . The bubble length has a double effect 
in its mobility [8,15,17] : the larger the bubble, the higher the pressure 
gradient, promoting the bubble ’s motion; however, the contact surfaces 
bubble-tows, and consequently the interfacial forces, increase with the 
bubble length, which make more difficult the bubble ’s motion. Strictly 
speaking, the motion of macrovoids along the channels depends mainly 
on the pressure gradient, bubble geometry (frontal area, perimeter and 
length), surface tractions at the liquid–air interface, liquid viscosity, ad- 
vancing and receding contact angles and architecture of the channels 
[16,17] . Since some of these parameters are difficult to determine ex- 
perimentally, some phenomenological [3,11,18] and analytical models 
[19] have been proposed to relate the average liquid velocity, ⟨u g ⟩g , 

https://doi.org/10.1016/j.enganabound.2017.11.014 

Received 24 May 2017; Received in revised form 3 October 2017; Accepted 30 November 2017 

0955-7997/© 2017 Elsevier Ltd. All rights reserved. 

https://doi.org/10.1016/j.enganabound.2017.11.014
http://www.ScienceDirect.com
http://www.elsevier.com/locate/enganabound
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enganabound.2017.11.014&domain=pdf
mailto:whady.florez@upb.edu.co
https://doi.org/10.1016/j.enganabound.2017.11.014


I. Patiño Arcila et al. Engineering Analysis with Boundary Elements 87 (2018) 133–152 

which can be experimentally measured, with the void velocity along 
the channel, ⟨u v ⟩. 

The bubbles formed inside the tows (microvoids or intra-tow voids), 
which are the principal focus of the present work, can also undergo sev- 
eral processes. The microvoid compression takes place inside the tow by 
the overall effect of the pressure of the liquid surrounding the tow, the 
air pressure at the fluid front, which in turns depends on the initial air 
pressure, bubble volume and air dissolution, and the capillary pressure. 
In dual-scale fibrous reinforcements, the process of microvoids compres- 
sion is considerably slower than the corresponding macrovoids compres- 
sion due to the dissimilar permeabilities of the tows and channels [3] . As 
it was mentioned in other works [3,20] , and confirmed here, the com- 
pression of the bubble inside the tow takes place provided that the air 
pressure at the fluid front is lower than the maximum liquid pressure 
surrounding the tow plus the capillary pressure, otherwise, the bubble 
moves inside the tow without changing its volume and could migrate 
towards the channels. This is consistent with the dynamic condition at 
the bubble interface. 

The conditions that lead to the void migration from the tows towards 
the channels have been studied in different numerical and experimen- 
tal works. According to Lundström et al. [21] , the bubble compresses 
until a critical volume is reached, in which the pressure is high enough 
to originate the void migration towards the channels. This concept was 
brought up later in an experimental work to explain the reduction of the 
microvoid content with the modified capillary number, 𝐶 
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flow rate injections, after reaching certain value of the inlet pressure, 
which was identified as the critical pressure for the onset of the void 
migration, P c [22] . The critical pressure, P c , was then used in the de- 
velopment of a numerical model to predict the dynamic void content 
in macroscopic simulations [23,24] . In that model, P c was taken as an 
input parameter that modifies the equivalent fiber volume fraction ap- 
pearing in the calculation of the fill factor of the Control Volumes (CV ’s), 
in such a way that when the pressure is greater than P c , the equivalent 
fiber volume fraction is set to its initial value in order to consider the 
void removal out of the tow. According to Yamaleev and Mohan [25] , 
the increase of the liquid pressure not only causes the reduction of the 
void content because of the void compression, but also because it pro- 
motes the air dissolution into the liquid by molecular diffusion. The 
mathematical model developed by Park et al. [3] shows that the void 
migration process is encouraged by the liquid pressure gradient, ΔP / Δx , 
and, consequently, by the average liquid velocity, ⟨u g ⟩g . On the other 
hand, according to Lunström et al. [10] , the wettability of the fibers fa- 
vors the motion of the microvoids from the tows towards the channels, 
being the molecular diffusion the principal mechanism of microvoids 
removal at points far upstream of the fluid front. 

In the present work, the Boundary Element Method (BEM) is imple- 
mented in the problem of the dynamic evolution of intra-voids formed in 
dual-scale fibrous reinforcements, considering a coupled Stokes–Darcy 
formulation. The processes of compression, displacement, migration and 
splitting of intra-tow voids are analyzed at the mesoscopic level, i.e, con- 
sidering the filling in a RUC, on the basis of the BEM results. It is assumed 
that the channel is fully filled with liquid before any infiltration occurs 
inside the tows, as previously considered in other works [26–31] . This is 
valid provided that the fluid front velocity in the channel is considerably 
larger than the fluid front velocity in the tows, which is more realistic 
when the channel is significantly more permeable than the tows and the 
injection pressure or flow rate are high enough to neglect the capillary 
effects at the macroscopic fluid front. The principal contributions of the 
present work can be summarized as follows: 

• The simulation of void motion in both macroscopic and mesoscopic 
scales has been tackled by several numerical techniques: FEM/CV 

conforming [3,20,23,24] , Monte Carlo Method [10] , FEM/CV non- 
conforming [32] , among others. The works using FEM/CV tech- 
niques require the domain discretization, whereas our BEM approach 
only requires the use of a contour mesh and not the use of internal 

elements. This is convenient when dealing with moving boundary 
problems where the domain changes with the time as the process 
evolves, since the remeshing operation are considerably simpler. On 
the other hand, the tracking of the fluid front in FEM/CV techniques 
is carried out by assigning a fill factor to each control volume (CV) 
and using an interface capturing scheme, like the Flow Analysis Net- 
work (FAN) [33,34] , to approximate the shape of the fluid front. 
In our numerical scheme, a direct integration of the interface kine- 
matic condition is used to advance the fluid front (Euler method), 
which assures a higher order accuracy of the fluid front shape with 
respect to the FEM/CV techniques. On the other hand, the numerical 
technique used by Lunström et al. [10] to track the fluid front is the 
Level Set Method, where specific solvers for hyperbolic equations 
are required to find a signed distance function, which sets to zero at 
the fluid front. In the Level Set method, an auxiliary domain mesh 
is required to compute the extended velocities and the accuracy of 
the fluid front position depends on the refinement of such auxiliary 
mesh [35] . In the tracking technique used here, which is much sim- 
pler and computationally more efficient, the fluid front position is 
directly obtained from the velocity field of the moving interface, not 
requiring the use of auxiliary meshes. 

• To the best of our knowledge, the migration of the bubbles from 

the tows towards the channels at the mesoscopic scale has not been 
directly simulated before; this process has been considered in macro- 
scopic simulations by stochastic approaches [10] , phenomenological 
models involving experimental tests [3,11,18] , analytical model for 
the source term in terms of supposed migration frequencies [20] , or 
experimental parameters, like the critical pressure, P c , that are in- 
troduced as input parameters in the numerical codes [23,24] . In the 
present work, the migration and splitting of intra-tow bubbles are 
directly simulated by BEM and the influence of the average channel 
pressure ( ⟨P g ⟩g ), pressure gradient ( ΔP / Δx ) and surface tension ( 𝜆) 
on these two processes is studied. Additionally, the time evolution 
of the source term associated to the void migration is also analyzed, 
as well as the time evolution of the ratio between the average void 
migration velocity, ⟨u air ⟩, and the average liquid velocity in the chan- 
nel, ⟨u g ⟩g . This ratio is important because it relates a variable that 
is difficult to measure, namely, the void migration velocity, with a 
experimentally measurable variable, namely, the liquid velocity in 
the channel. 

• In the composites literature, when it is assumed that the channels 
are totally filled with liquid before the infiltration of the tows occurs, 
most authors suppose a constant liquid pressure in the channels of 
the RUC during the mesoscopic simulations [26–31] . This assump- 
tion is not physically consistent with the fact that the fluid in the 
channels is actually moving. Additionally, the processes of displace- 
ment at constant volume, migration and subsequent splitting of the 
intra-tow bubbles are not possible under this assumption since the 
fluid front moves towards the center of the tows, no matter the direc- 
tion of the fluid velocity in the channels, causing that the bubbles 
remain trapped or disappear depending on the air entrapment pa- 
rameter considered [36] . Some experimental and numerical works 
have confirmed that the bubbles are not necessarily located at the 
center of the tows and can migrate towards the channel depending 
on the liquid pressure gradient and the internal pressure of the void 
[14,18,22,37–39] . In the present work, the channel and tows are 
modeled using the Stokes and Darcy equations, respectively, a pres- 
sure gradient is considered along the RUC length and the matching 
conditions between the tows and the channel determine the filling 
of the former ones. In this way, decentered bubbles are formed in- 
side the tows and the displacement, migration and splitting of these 
bubbles are possible, which is more consistent with previous exper- 
imental results. 

In the processing of composites materials, different sorts of RUC ar- 
chitectures can be examined for dual-scale fibrous reinforcements. In 
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