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A B S T R A C T   

In this work, we present a proof of concept for both 3D-printed media and a machine learning analysis meth
odology to investigate void formation and transport during liquid filling. Through a series of experiments, we 
characterized void formation and transport at constant flow rates using two calibrated fabric-like porous ge
ometries created by Stereolithography and Multi Jet Fusion 3D printing techniques. Our findings highlight the 
significance of porous medium geometry and void size, in addition to the capillary number, in characterizing 
void formation and mobility during resin flow into a mold containing a fibrous preform. Notably, the paper’s 
strength lies in the presentation of advanced bubble analysis methods, including frame-by-frame high-resolution 
video analysis, enabling the identification of individual bubbles and the extraction of their statistics, such as 
count, size, and velocity throughout the experiment. These insights contribute to the design of more efficient 
processes, resulting in composite parts with reduced void content.   

1. Introduction 

In Liquid Composite Moulding (LCM) process, after placing a dry 
textile preform in a sealed mould cavity, a pressure differential is 
imposed, either by vacuum, or using positive pressure. This pressure 
differential is what drives the resin flow inside the mould cavity, 
permeating and saturating the fibrous preform. Usually, lower viscosity 
polymeric resins are used in LCM (with viscosities in the range of 1 to 
100 mPa.s), as these facilitate the fibrous reinforcement impregnation 
process [1 2]. Resin Transfer Moulding (RTM), Vacuum-Assisted RTM 
(VARTM), and Vacuum Infusion (VI) are some of the processes that 
belong to the family of LCM [34]. Experience with the LCM technology 
family has demonstrated that it is possible to manufacture aircraft 
components such as the co-cured [5], MRJ empennage box structure [6] 
and automotive components such as doors, roofs, and side panels with 
comparable quality to those of an autoclave [7]. 

During the LCM process, the resin that impregnates the preform may 
contain bubbles or dissolved air or volatiles that will manifest into 
bubbles during the mould filling process. 

Also, air pockets may form when two flow fronts meet and result in 
bubbles. If during the filling process, the bubbles don’t reach a vent they 
are entrapped in the composite and become voids in the matrix after the 
resin cures. This phenomenon is crucial to understand, as it directly 
impacts the quality and integrity of the final composite material. On the 
other hand, transport mechanisms refer to the movement of bubbles 
within the flowing resin. This primarily encompasses the advection of 
bubbles due to resin flow and the motion of individual air molecules 
within the resin [8–10]. While these mechanisms indeed play a signifi
cant role, the primary objective in the LCM processes is to investigate the 
initial formation of voids at the flow front, as this stage holds paramount 
importance in determining the overall void structure. The autoclave 
process operates under different conditions and involves distinct 
mechanisms (resin flow is minimal) [11]. 

Voids have a detrimental impact on the mechanical properties of 
composite parts [12]. This poses a reliability concern in the design of 
composite parts especially for high performance industrial cases, such as 
the ones used in aerospace applications. In addition, literature points out 
that despite global void content being an important indicator, the actual 
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shape, size and distribution of voids have a significant impact on the 
final mechanical performance of the composite part [12–15]. Hence, 
understanding void formation mechanisms as well as its dynamics and 
applying proper resin impregnation strategies for void elimination have 
been the topic of key interest to researchers for the last two decades. 
From a macroscopic point-of-view, the preform impregnation process 
can be modelled using Darcy’s law [16], which states that the volume 
average flow velocity u→ is dependent on the pressure gradient ∇p, the 
fluid viscosity µ, and the permeability tensor of the porous medium K: 

u→ = −
K
μ ∇p (1)  

∇. u→ = 0 (2)  

By coupling Darcy’s law (Eq. (1)) with the continuity equation (Eq. (2)), 
it is possible to numerically solve LCM mould filling problems, therefore 
predicting possible locations of insufficient preform impregnation [17]. 

The goal in LCM is to fill all the empty porous spaces with resin 
before it cures. In a textile preform, the empty porous spaces range from 
nanometres to a few micrometres in between fibres, forming the 
microscale porosity (intra-tow porosity). On the other hand, the spaces 
in between fibre tows, with a typical width of 80–250 µm, form the 
mesoscale porosity (inter-tow porosity) [18]. In turn, this dual-scale 
porosity of the textile preform induces different flow rates, present in 
the inter-tow and intra-tow pore zones. 

The imbalance of flow rates between micro and meso-scales forms a 
fingering effect or saturation lead-lag flow, and hence leads to void 
formation by air encapsulation. Inter-tow voids form between the tow 
channels and intra-tow voids form inside the tow. The formation of voids 
inside the composite part can be described by competition between the 
viscous and the capillary forces, as the flow between the tows is mainly 
governed by the viscous forces while, the flow inside the tows is domi
nated by capillary forces [19]. 

This competition between viscous and capillary forces can be 
quantified in a dimensionless form by the capillary number, which re
lates the viscous forces to the surface tension forces acting across the 
resin-air interface (Eq. (3)): 

Ca =
vμ
σ (3)  

where v is the volume average velocity, μ is the fluid viscosity and σ is 
the fluid surface tension. 

Experimental studies refer to the capillary number as an important 
parameter in void dynamics. Regarding void formation, several studies 
report that there is an optimal capillary number that minimizes void 
formation during mould filling. This is attributed to the balancing of the 
contribution of the viscous and capillary forces present in the meso and 
micro scales, which even out the flow front profile, therefore minimizing 
lead-lag flow. Rohatghi et al. [20] found the optimum Ca to be on the 
order of 10−1–10−2 for a unidirectional stitched fibre glass mat being 
impregnated by silicone and DOP oil. Zingraff et al. [21] found the 
optimum Ca value to be around 0.004–0.006 for a low-viscosity reactive 
thermoplastic resin. An optimum Ca value of 0.008 was reported by 
Leclerc and Ruiz [22] for a glass fibre woven fabric impregnated by a 
vinylester resin. Finally, after a literature review, Park and Lee [19] 
concluded that the optimum Ca value should be approximately 10−3, 
translating to a resin velocity in the range of 0.1–1 mm/s. 

As void formation during resin injection can only be minimized to a 
certain positive value above zero, research has also focused on charac
terizing what conditions may favour the mobilization of voids, with the 
end goal of purging the remaining voids, after mould filling. Rohatgi 
et al. have reported that intra-tow voids are much more difficult to purge 
than inter-tow voids [20], although no quantitative measure was pre
sented. Due to difficulty in direct visualization of void transport phe
nomena in real fibrous reinforcements, a significant portion of research 

involves the experimental study in idealized porous structures, such as 
constricted capillary tubes [23 24], T-shaped junction devices [25] and 
pore doublet models (PDM) consisting of two connected capillaries 
[2627]. Nevertheless, these porous structure representations imply 
many simplifications to the actual porous structure of a dual scale 
porous medium, which in turn may not adequately represent the two- 
phase flow of resin and air commonly encountered in LCM fibrous re
inforcements. While these setups offer practical advantages, they do 
impose limitations, particularly due to their confinement to one- 
dimensional flow. 

As suggested by previous studies [28], besides the fluid flow mean 
velocity and fluid properties, the porous medium architecture should 
also play a major role in the degree of mobility of bubbles. Despite the 
considerable efforts of researchers, as emphasized in [29], effectively 
accurate experimental observation of bubble creation and migration in 
fibrous porous media remains a significant challenge in composites 
processing science.The non-uniformity of the flow channels encountered 
in reinforcements may entrap voids or hinder its average velocity, due to 
the added resistance in the cross-section constricted zones. As such, it is 
fundamental to have a detailed description of the porous structure, to 
carry out quantitative analyses on the effect of process parameters on 
void formation and transport. Still, it is difficult to obtain microstruc
tural descriptions of an actual textile reinforcement, due to the sto
chastic nature and high variability of its porous structure [1830]. 

Motivated by the relevance of this subject, this study aims to evaluate 
the effect of flow conditions on void formation and transport inside a 
model porous media. To achieve this, a series of experiments were 
conducted using an idealized porous medium geometry already bench
marked in permeability tests [31], as means of reducing the porosity 
scatter observed in textile reinforcements. Moreover, the use of the cited 
porous medium geometry also allowed one to conduct the experimental 
void formation and transport analysis at a meso-scale level without 
addressing the macro and micro scales. This strategy aims to further 
decrease results uncertainty, as the statistical scatter observed in the 
macro and micro scales is eliminated. In this study, we present new 
insights and observations about the factors that influence void formation 
and their flow dynamics and mobility within a model and idealized 
porous medium. 

Regarding the geometrical complexity of our model, we acknowl
edge the importance of achieving a high degree of similarity between the 
model and the actual medium it seeks to replicate. Real world scenarios 
are complex with multiple mechanisms at play which makes it difficult 
to study them and address their interaction in a meaningful way. In our 
study, we opted for a simplified model geometry for several reasons. 
Firstly, it provided us with a level of control over porosity variability 
that would have been challenging to attain with a real dual-scale fabric. 
This control was pivotal to enable us to systematically investigate the 
effects of porosity on void formation and transport, a critical aspect in 
liquid composite molding. Secondly, the chosen geometry facilitated a 
clear visualization of bubbles within the porous medium, which is often 
a challenging feat in more complex structures. It’s important to note that 
this decision was not taken lightly; it was preceded by a series of 
meticulous iterations and comprehensive experimental studies which 
led to the selection of this representative and applicable porous media 
geometry. 

2. Experimental setup and methodology 

In our pursuit to delve into void dynamics at the meso-scale, we 
deliberately decoupled our analysis from micro-scale void dynamics and 
potential micro-meso scale interactions. This strategic choice was made 
to eliminate the complexities and potential confounding effects associ
ated with interactions across multiple scales. By focusing exclusively on 
the meso-scale, we aimed to capture the natural variability of void for
mation and transport phenomena, unperturbed by inter-scale in
teractions. The proposed method in this study facilitated an 
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investigation into the effect of two-dimensional flow conditions which is 
prevalent in liquid composite molding processes. This enabled us to 
observe phenomena such as void entrapment, shedding light on critical 
aspects of void migration in porous media. 

2.1. Calibrated textile-like porous medium 

In this study, two textile-like porous networks with anisotropic 
permeability were manufactured by 3D printing techniques [31], using 
two different technologies, namely Stereolithography (SLA) and Multi 
Jet Fusion (MJF). These techniques provide very good geometrical ac
curacy, which enables a close control of the architecture of the porous 
medium, while the surface finish of the fabricated porous medium from 
SLA and MJF are distinctly different [32]. 

The 3D printed techniques allowed the manufacturing of the porous 
media without all of the sources of variability, inherent to real fabrics 
[31]. The porous medium possesses different resistances to flow in the 
two principal directions, as the porous gaps are wider in the Y direction 
(2.06 mm) than in the X direction (0.76 mm), as depicted in Fig. 1. 

Both directions are considered in the flow experiments using the MJF 
printed porous medium, as means to evaluate the influence of the porous 
architecture on void formation and transport. Hereby, flow experiments 
in the direction of the smaller porous gaps (X direction) are designated 
“MJF small gap”, whereas experiments in the larger gap direction (Y 
direction) are designated “MJF large gap”. With the SLA printed porous 
medium, experiments were only conducted along the smaller gap 
direction. 

The use of a benchmarked 3D printed model geometry instead of a 
real fabric will reduce the scatter and uncertainty and allow one to focus 
on one mechanism of void formation and transport. Therefore, by 

knowing the exact morphology of the porous medium, correlations be
tween observed results and experimental parameters are easier to 
establish. The precise geometry of the 3D printed porous medium ar
chitecture further reduces scatter in results due to varying channel gaps, 
fiber tows and fiber volume fraction. The gap dimensions and geometry 
in the current study may deviate from those encountered in composite 
reinforcement processes. Nonetheless, the strategic intent was to 
establish a simplified model geometry to glean insights into the mech
anisms of bubble formation and mobility. These mechanisms exhibit 
similarities that can be quantified using dimensionless numbers, ac
counting for the gap dimensions. However, Darcy’s law is still valid in 
this porous medium geometry, as reported and confirmed by the 
permeability measurements in [31]. 

2.2. Flow experiments and visualization 

The setup is designed to conduct rectilinear flow experiments, 
allowing the visual monitoring of the flow front and the air bubbles 
inside, as depicted in Fig. 2. The mould consists of a metallic frame with 
a top PMMA thick plate, which provides a rigid and leak free cavity to 
contain the porous medium. The test fluid is injected inside the mould 
with a controlled flow rate, ranging from 10 g/min to 100 g/min, using 
an Isojet® pump system. Each experiment was run at a constant flow
rate. A single inlet and outlet are provided in the mould. The test fluid 
used is a motor oil, with the properties provided in Table 1. Finally, a 
camera positioned above the mould allows the recoding of each exper
iment for data processing using an image analysis algorithm described 
below. 

Each experiment is conducted at room temperature and starts with 
the opening of the inlet through which the test-fluid flows at a constant 

Fig. 1. Gaps dimensions of the 3D printed porous medium, according to axis orientation.  
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flow rate. The bubbles are generated naturally with the flow-front pro
gression within the porous medium, as depicted in Fig. 3. This happens 
due to mechanical air entrapment by the fluid flow, as there is a 
fingering effect analogous to the one observable in LCM processing. The 
experiments are terminated when the resin flow-front exits the porous 
medium, as the objective of this study is the analysis of void dynamics 
during the unsteady two-phase flow regime. 

Using the fluid properties described in Table 1, the maximum 
experimental fluid flow velocity of 13.7 mm/s and the largest 

Fig. 2. Side view of experimental setup schematic.  

Table 1 
Rheological properties of the test fluid at room temperature.  

Viscosity [mPa.s] Density [kg/m3] Surface tension [mN/m]  

71.4 875 33  

Fig. 3. Experimental visualization of different bubble behaviours: flow-front unification (a) leading to a bubble formed by flow-front mechanical air encapsulation 
(b); Bubble splitting leading to a train of smaller bubbles (c). 
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characteristic length of the porous medium, given by the hydraulic 
diameter of the largest channels (2.9 mm), the largest Reynolds number 
found is 0.38. As the Reynolds number is well below unity, it is 
reasonable to assume that the experimental fluid flow conditions 
represent creeping flow and are representative to those found in LCM 
processing [31,33]. 

2.3. Image processing algorithm 

The algorithm responsible for processing relevant flow data is 
divided in three main modules: video frame acquisition and segmenta
tion, bubble and flow-front tracking, velocimetry, and data post- 
processing [34]. 

The analysis is conducted on a frame-by-frame basis, using a recor
ded video of an experiment. To allow the extraction of bubble and flow- 
front data by the algorithm, each frame is firstly segmented using a U- 
Net convolutional neural network model [35] developed in TensorFlow 
[36] and trained for this specific purpose. The segmentation output 
encompasses four different classes: flow-front, bubble edge, bubble 
centre and the background (Fig. 4 (b)). In each frame, three geometric 
parameters are calculated for each bubble: its centroid position, area, 
and the perimeter. These properties are calculated using contour-based 
approaches, the methods of which are provided in the OpenCV library 
[37]. To ensure that the measured properties are assigned to the correct 
bubble, a unique label is attributed to each newly detected bubble 
(visible in Fig. 5). As such, when the parsing of the video is complete, 
each bubble will have its own property history record. The tracking of 
each individual bubble throughout the video recording is achieved using 
the fDSST correlation tracker for each bubble centre contour (which 
implementation is available in the Dlib library [38]). The tracking of the 
flow-front position throughout the flow experiment video recording is 
accomplished by computing the extreme point of the flow-front 
segmented class contour. This enables the calculation of the apparent 
fluid flow velocity inside the porous medium. 

Fig. 4. 
Regarding bubble and flow front velocity calculation, instead of 

calculating the velocities on each subsequent pair of frames, the average 
velocity was instead calculated in three equidistant sections of the frame 
(as depicted in Fig. 5), having the position history record of each bubble 
and the flow front. This approach avoids an extensive amount of noise in 
the velocity–time profiles of the bubbles and flow front, which is created 
when calculating the velocity on a frame-by-frame basis. Nevertheless, it 
provides sufficient detail to encompass eventual variations in the 
instantaneous flow front velocity, relative to the bubble velocity. 

As the number of frames per second of the video is known a priori, the 

velocity of each bubble inside each section is calculated from the dif
ference of the first and the last known positions of the bubble centroid in 
each frame section, divided by the time between reference frames, as 
shown in Eq. (4). 

vsec =
x1 − x0

n 1
FPS

(4)  

Where x1 and x0 are the final and first known bubble or flow front po
sitions on the frame segment respectively, n is the number of frames 
between the first and last known positions and FPS is the number of 
frames per second of the video capture. The mean bubble velocity is then 
calculated as the mean value of the different bubble section velocities 
(Eq. (5)). vsec is the bubble velocity in each section of the porous medium 
and nsec is the number of sections where the bubble was detected, as it 
may not be present in all the sections. It is important to note that in this 
study only the bubble velocity component that is parallel to the principal 
volume average apparent flow velocity was used, so that both bubble 
and flow front velocity are scalars. 

v =
1

nsec

∑
vsec (5)  

2.4. Uncertainty analysis 

The accuracy of the acquired data is crucial to conduct a reliable 
post-processing analysis, such as the one described in the former section. 
Image resolution plays a significant role in the detection of the bubble 
shape, by the artificial vision algorithm, which subsequently affects the 
bubble size and motion parameters. All videos were recorded with a 
resolution of 1280x720 pixels at 50 frames per second. The camera was 
positioned perpendicular to the experiment field of view, at a distance 
that ensured that the porous medium length was visible in the video 
frame. 

A study on the algorithm’s accuracy was conducted prior to the 
experimental recordings analysis, using a validation dataset composed 
by frames randomly extracted from experiment recordings. It was found 
that the mean error values in bubble area computation led to an over
prediction of 7.3 % using the SLA printed porous medium and 13.8 % 
using the MJF printed porous medium. These differences are believed to 
be due to the underlying visual aspect of the porous media, as the dif
ferences in surface roughness and material colours can interfere with the 
contrast between the bubble and the fluid regions. 

Since velocity data is calculated considering the first and last bubble 
centre of mass positions in each section of the porous medium, it was 
found that the uncertainty regarding the bubble centre of mass 

Fig. 4. (a) original video frame; (b) CNN segmentation by flowfront (green), bubble centroid (red) and bubble edge (blue) (c) superposition of segmentation map on 
the original frame and attribution of bubble ids. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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calculation has negligible influence on the velocity calculations. The 
same principle applies to the flow-front velocity calculations. 

The uncertainty regarding bubble volume variation due to the flow 
pressure gradient was also studied. Since the experimental setup did not 
encompass pressure sensors, the pressure gradient throughout the 
porous medium was estimated using Darcy’s law (Eq. (1)), taking the 
permeability and porosity (∅) of the porous medium as listed in Table 2 
[31] and the apparent flow velocity measured from the experiments. 
Following the relation in Eq. (6) based on the ideal gas law for 
isothermal compression or expansion, where p1 is the pressure in the 
beginning of the porous medium, V1 is the bubble volume after forma
tion at the beginning of the porous medium, V2 is the bubble volume at 
the end of the porous medium, p2 is the pressure at the end of the porous 
medium (assumed to be the atmospheric pressure), ∂p/∂l is the pressure 
gradient parallel to the flow direction and Δl is the length of the porous 
medium, it is possible to predict the maximum bubble volume increase 
during the experiment. 

V2

V1
=

p2 − ∂p
∂l Δl

p2
(6)  

The maximum expected bubble volume increase is approximately 9 % 

for experiments with the SLA printed porous medium, at a capillary 
number of 0.0296, which considering a spherical bubble would equate 
to a radius increase of 2.9 %. This upper limit of volume increase is only 
achieved if the bubble traverses the entire porous medium, which would 
require the bubble to be formed in the beginning of the porous medium. 
In turn, as bubbles are formed due to the flow front advancement 
throughout the porous medium length, the volume increase experienced 
by most bubbles during the experiments is expected to be very small. 

3. Results and discussion 

3.1. Void metrics 

As can be seen from Fig. 3, as the flow front advances from the inlet 
towards the outlet, it merges trapping the air in between and forming 
bubbles of different sizes. These bubbles move with the fluid towards the 
outlet at different velocities. As the flow front progressed from the inlet 
to the outlet, bubble density and distribution was analysed counting the 
number of bubbles generated, total bubble area (which is the sum of all 
individual bubble areas) and bubble size distribution. Thus, this also 
allows a macro-level characterization of the behaviour of bubble for
mation and transport. 

Regarding the number of generated bubbles during the flow exper
iment, data suggests that the number of bubbles has a positive correla
tion with the capillary number, as depicted in Fig. 6. It can also be 
observed that the architecture of the porous medium influences the 
number of generated bubbles, as the flow experiments using the orien
tation of the porous medium containing smaller gaps generate more 

Fig. 5. Frame sections for the bubble velocity calculations.  

Table 2 
Permeability and porosity of the porous medium.  

Kxx(small gap direction) Kyy (large gap direction) ∅ 

3.28e-9 m2 3.4e-8 m2 59 %  
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bubbles than experiments using the large gap direction. 
Moreover, comparing the number of generated bubbles in the MJF 

small gap experiments and the SLA experiments a difference in the 
number of generated bubbles is noticeable. A possible explanation for 
this effect may be attributed to the surface roughness of the porous 
media, which is significantly higher in the MJF printed medium 
(approximately three times higher compared to SLA) [39]. This 
increased surface roughness can trap tiny pockets of air in surface 
crevices and also favour the nucleation of bubbles during the flow of 

fluid from inlet to the outlet [40]. 
The total bubble area, calculated as the sum of all individual areas of 

the bubbles generated throughout the experiment, presents a V-shaped 
profile as also confirmed by [41] (Fig. 7 a to c), with a minimum ach
ieved around a capillary number of ~ 0.01. This optimum capillary 
number, corresponding to the minimum bubble formation, has been 
found to be in agreement with the literature, as it has values of the same 
order of magnitude reported by [31] and [33] using real textile re
inforcements. Nevertheless, it is reported that the existence of an 

Fig. 6. Number of bubbles vs flowrate: a) MJF large gap experiments, b) MJF small gap experiments, c) SLA experiments.  

Fig. 7. Total bubble area vs capillary number: a) MJF big gap experiments, b) MJF small gap experiments, c) SLA experiments.  
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optimum capillary number is due to the balance between the generation 
of meso-scale voids (bubbles between the tows) and micro-scale voids 
(bubbles inside the tows) [20,43]. This is attributed to the flow front 
lead-lag effect, created by the competition between the capillary pres
sure driving the flow inside the tows, and the hydrodynamic pressure 
driving the flow in between the tows. In turn, for an increasing capillary 
number past the optimum, as the hydrodynamic pressure is the main 
driving mechanism, the bubbles should form inside the tows resulting in 
very low meso-scale void content. In our experiments this is not 
observed, as the reference porous medium possesses solid tows, which 
makes it a single scale porous medium. Consequently, in our experi
ments the increase of the capillary number tends to generate smaller 
bubbles as shown using boxplots in Fig. 8 to Fig. 10, totalling a higher 
number, as explained earlier. Although the mechanisms responsible for 
the formation of smaller bubbles with increasing capillary number are 
still unclear, this balance between bubble size and number of bubbles is 
what results in the V-shaped profile. An important observation to note is 
the absence of a V-shaped profile in the SLA porous medium data 
(Fig. 7c). One possible explanation for the formation of the V-shaped 
profile in Fig. 7a and 7b could be the nature of the 3D-printed Multi Jet 
Fusion (MJF) techniques. In MFJ technique, particle sintering is the 
main mechanism of layer formation and hence it may still leave behind 
capillary spaces among the particles while the SLA selectively cures and 
solidifies the photopolymer resin [3132] Hence SLA printing has much 
smoother surfaces than MJF parts. However, the conventional under
standing involving capillary spaces in the MJF media may not entirely 
explain this phenomenon. Another consideration is that there might 
indeed be a V-shape in the SLA curve, but the tested capillary numbers 
(Ca) are too high to observe the left side. This speculation suggests that 
examining lower Ca values might reveal a different trend. Furthermore, 
Fig. 10 demonstrates a higher level of consistency in bubble area 
compared to Figs. 8 and 9. This could potentially be attributed to 
smoother media, provided the outliers on the right are excluded from 
consideration. These insights prompt a need for further investigation 
into the relationship between capillary spaces, capillary numbers, and 
void formation in both SLA and MJF processes. 

3.2. Void transport metrics 

Using the Buckingham π theorem, it was possible to reduce the 
number of parameters by forming different dimensionless groups. 

Fig. 8. Boxplot showing the minimum and maximum values along with median, first and third quartile of individual bubble areas vs capillary number for MJF large 
gap experiments. The outliers are shown as dots. 

Fig. 9. Boxplot showing the minimum and maximum values along with me
dian, first and third quartile of individual bubble areas vs capillary number for 
MJF small gap experiments. The outliers are shown as dots. 

Fig. 10. Boxplot showing the minimum and maximum values along with me
dian, first and third quartile of individual bubble areas vs capillary number for 
SLA experiments. The outliers are shown as dots. 
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The variables taken into consideration are the average fluid velocity 
(vfl), the bubble velocity (vb), the fluid surface tension (σ), the fluid 
viscosity (μ), the bubble diameter (db) and the hydraulic diameter of the 
gaps that are aligned in the flow direction (dg). The hydraulic diameter 
of the gaps was calculated according to Eq. (7), where Ag is the cross- 
section area and Pg is the wetted perimeter of the gap. The diameter 
of each bubble was calculated from its area (Ab), using Eq. (8). The area 
considered in the diameter calculations for each bubble, corresponds to 
the average of its history recorded by the algorithm. 

dg =
4Ag

Pg
(7)  

db =

̅̅̅̅̅
Ab

π

√

(8)  

The list of the considered variables and corresponding dimensions are 
presented in Table 3. 

Considering a total of six variables and the three dimensions, three 
dimensionless groups were obtained: 

π1 =
vb

vfl
= Mb (9)  

π2 =
db

dg
= Sb (10)  

π3 =
vflμ
σ = Ca (11)  

The first dimensionless group π1 represents the bubble mobility. Bubble 
mobility (Mb) can be described as the relative velocity of the bubble, 
considering the apparent velocity of the flow inside the porous medium 
(vfl) [44]. This parameter is of interest in this study, as it has been used in 
previous studies as a reference parameter to estimate bubble velocity 
[45,46]. The second dimensionless group π2 consists of the quotient 
between the bubble diameter and the gap hydraulic diameter. For this 
study, it was taken as the bubble dimensionless size (Sb), which acts as a 
geometrical parameter. The third dimensionless group π3 represents the 
capillary number (Ca). 

From the obtained dimensionless groups, it is possible to infer that 
bubble mobility is a function of both geometrical conditions, given by 
the bubble dimensionless size (Sb), and the fluid flow conditions, given 
by the capillary number (Ca). 

Mb = f (Sb, Ca) (12)  

3.3. Effect of capillary number on bubble mobility 

The first objective was to study the effect of capillary number on 
bubble mobility. From the boxplots presented in Fig. 11 to Fig. 13, one 
may conclude that capillary number alone seems to have a small effect 
on bubble mobility. On the other hand, the capillary number does not 
seem to have a significant influence on bubble mobility, on MJF large 
gap experiments. This behaviour has been observed in the literature 
[47], where for small capillary numbers, the capillary number alone did 
not play a strong role in bubble mobility through the reinforcing porous 

medium. Nevertheless, the study also points out that in order for bubbles 
to move, a positive capillary number is in fact needed. Therefore, it is 
reasonable to assume that while not predominant, Ca does play a role in 
bubble mobility and as such, it should be incorporated as a parameter in 
models addressing bubble mobility.Fig. 12.. 

It can be observed that bubble mobility values are more concentrated 
in values between 0.5 and 1.0, whereas the boxplot whiskers with 
mobility above unity usually refer to bubbles which coalesce with the 
flow front. Also, there are bubbles which are a product of a bubble split 
before a porous media constriction and soon after coalesce with another 
bubble positioned ahead of the constriction. Since these bubbles’ life
time is restricted to local high flow velocity zones (near porous media 
constrictions), their computed mobility is higher than unity. This phe
nomenon is more predominant in higher flow rates, which is visible by 
the prolonged boxplot whiskers and higher number of outliers. 

These results contrast with bubble mobility research based on 
microfluidics and Bretherton’s theory [25,48], which reports that the 
velocity of the bubble is always higher than the average velocity of the 
flow and monotonically increases with the capillary number, for capil
lary numbers relevant to LCM processes. However, the use of a porous 
architecture introduces several conditions that are not present in 
capillary tubes, such as a more complex flow velocity field, as the cross 
section varies depending on the position within the porous medium. 
Moreover, the solid tows act as obstacles for the bubble paths, slowing 
down or stalling bubble movement, and increasing the length of the 
tortuous path, which does not happen in capillary tubes (Fig. 14). In 
turn, it is plausible that a higher dispersion of mobility values, 

Table 3 
Variables and Dimensions of the considered 
problem.  

Variables Dimensions 

νfl LT−1 

νbσ L T −1 

σ MT−2 

μ ML−1 T−1 

db L 
dg L  

Fig. 11. Boxplots of bubble mobility vs capillary number for MJF large gap 
experiments. 

Fig. 12. Boxplots of bubble mobility vs capillary number for MJF small gap 
experiments. 
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translating to a lower overall bubble mobility should be expected using 
the current setup, as compared to capillary tubes. This has been 
observed in experiments using porous geometries [28], in which the 
mobility of bubbles can drop below unity. Consequently, it has been 
suggested in the literature that the capillary number alone is not 
appropriate to describe bubble mobility, thus a new dimensionless 
number considering the geometrical properties of the bubble and the 
porous medium needs to be formulated [28]. 

3.4. Effect of bubble size on bubble mobility 

The effect of dimensionless bubble size on bubble mobility was also 
analysed, by correlating each bubble average mobility with its dimen
sionless size. From Fig. 15 it can be observed that the influence of bubble 
dimensionless size on bubble mobility is twofold: for bubble diameters 
smaller than the gap hydraulic diameter, bubble mobility tends to in
crease. On the other hand, for bubble diameters larger than the gap 
hydraulic diameter, bubble mobility tends to decrease with bubble 
dimensionless size. The inflexion point between these two opposite 
tendencies is when the bubble diameter is approximately equal to the 

Fig. 13. Boxplots of bubble mobility vs capillary number for SLA experiments.  

Fig. 14. Example of immobile bubbles due to porous medium blockage.  
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gap hydraulic diameter. On a qualitative level, these results agree well 
with the theory. Considering the bubbles to be approximately spherical, 
the forces promoting a higher bubble mobility are the Stokes drag and 
the force due to the pressure gradient, as expressed in Eq. (13): 

F = 3πμdb
(
vf − vb

)
−

π
6

d3
b∇p (13)  

where μ is the fluid viscosity, vf is the fluid velocity, vb is the bubble 
velocity, db is the bubble diameter and ∇p is the pressure gradient. 

This means that the forces increase with the bubble diameter, by 
which a higher mobility should be expected as bubbles get bigger. 
Hence, the obtained results for bubbles with diameter smaller or equal to 
the gap hydraulic diameter agree with theory, as bubble mobility in
creases with bubble diameter. On the other hand, for bubbles which 
diameter is larger than the gap hydraulic diameter, additional work 
must be done to squeeze the bubble through the narrower gap. This 
additional work is due to the deformation the bubble experiments while 
traversing the gap, which is counteracted by the surface tension. The 
required pressure differential for mobilizing a bubble through a 
constriction, derived from the work principle, was found to be depen
dent on both the bubble diameter and the constriction diameter, as 
denoted in Eq. (14) [49]. 

Δp = 4σ
(

1
dc

−
1
db

)

(14)  

Where Δp is the pressure differential, σ is the surface tension, dc is the 
constriction diameter and db is the bubble diameter. 

Based on Eq. (14), as bubble size increases, a higher-pressure dif
ferential is necessary to overcome the force generated by the deforma
tion of the bubble. Once again, the experimental results are corroborated 

by theory, as bubble mobility decreases with bubble size, for bubbles 
with diameter larger than the gap hydraulic diameter. The decrease in 
mobility is based on the increase of the force generated by the defor
mation of the bubble, over the forces enumerated in Eq. (13). This type 
of behaviour has also been observed in other experimental studies 
regarding void transport in porous like structures [28]. 

4. Conclusions 

In this study, void dynamics (formation and transport) in the context 
of Liquid Composite Moulding were studied using two calibrated textile- 
like porous media manufactured by Stereolithography and Multi Jet 
Fusion 3D printing technologies. By recording the unsteady two-phase 
flow mould filling flow experiments it was possible to capture void 
formation and their mobility inside the porous medium during the filling 
process. The use of a machine learning based algorithm developed to the 
effect, enabled the post-processing of the experimental recordings, 
leading to new conclusions regarding void dynamics, namely the sta
tistical characterization of void mobility. 

Results suggest that there is an optimum capillary number, which 
minimizes overall void content. This is the outcome of the balance be
tween the number of bubbles generated, which has a positive correlation 
with the capillary number, and their respective size, which has a nega
tive correlation with the capillary number. 

Future work will be conducted with real dual-scale fibrous preforms, 
to assess how the differences in the porous medium geometry will affect 
the mesoscopic fluid flow and bubble mobility. Numerical simulations 
will be combined with experimental results to obtain correlations with 
local flow conditions. 

Fig. 15. Scatterplot of bubble mobility vs bubble dimensionless size.  
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