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Abstract

Keywords

Multiphase flow through porous media is a common phenomenon during the processing of
composite materials in which viscous liquid thermoset resin containing small bubbles due to
entrapped air is injected into reinforcing porous fibrous media. The composite part is formed
once the resin cures. Entrapped bubbles cause porosity, which is characteristic of materials
fabricated by this technique and results in reduced mechanical properties. Hence, the reduction
in porosity during the processing stage remains a critical issue. To investigate this, an experimental
study was conducted to characterize the movement of bubbles within the pore network of the
fabric's weave architecture representing the porous media. Bubble dynamics, as the simulated
resin impregnated the fibrous network, were observed in transparent molds for three fabric
architectures, with bubble diameter and velocity being measured as they traversed through the
fabric. A dimensionless number is introduced to correlate the fabric weave architecture to the
bubble size, revealing that higher bubble mobility (indicating how fast the bubble moves
compared to the pore averaged resin velocity) is observed in tighter weaves and with larger
bubbles. To predict bubble mobility based on bubble size and fabric weave, two physics-based
models are introduced. The predicted results are compared with the experimental data,
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facilitating void minimization by regulating bubble mobility.

1 Introduction

Multiphase flow of liquids and gases in the form of bubbles
through porous media is indeed a phenomenon encountered
in various fields, including the processing of composite
materials. The movement of multiple phases (liquid and air)
through porous media is usually affected by the applied
pressure gradient and capillary and viscous forces (Agaoglu
et al., 2015; Blunt, 2001; Bogdanov et al.,, 2011; de Boer,
2000; Patel et al., 2019; Wang, 1988; Wood and Bader, 1994;
Yang and Lu, 2021). In multiphase flow through porous media,
different phases move differently in response to pressure
gradients. Capillary forces play an important role in
regulating the phase distribution within such heterogeneous
porous media. Additionally, viscosity plays a role in the
relative motion of phases, with less viscous fluids tending
to migrate faster due to reduced resistance to flow (Agaoglu
et al,, 2015; Bear and Bachmat, 1990; Bogdanov et al., 2011;
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de Boer, 2000; Dullien, 1975; Patel et al, 2019; Wood and
Bader, 1994).

In the context of composites, porous media refer
to fiber reinforcement during the manufacturing of the
composite by the liquid composite molding (LCM) process.
LCM encompasses a group of composite manufacturing
processes, where resin is injected into a sealed mold
containing dry fabric to occupy the empty spaces between
the fibers. Once the resin reaches the vent, injection is
discontinued, and upon curing of the resin, the composite
part is demolded (Advani and Sozer, 2010; Sozer et al., 2000).
The liquid is usually a viscous thermoset resin (approximately
200-500 times more viscous than water), which contains
tiny undesirable air bubbles. These air bubbles become voids
when they become trapped within the composite as the resin
cures and solidifies. To maintain the mechanical properties
of cured composite parts, many manufacturers strive to
limit the void content to less than 1%-2% (Gangloft et al.,
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Nomenclature

A cross-sectional area of the bubble (m?)
C, drag coefficient of bubble

D diameter of the spherical bubble (m)
F buoyancy force (kg-m/s?)

F, drag force (kg-m/s?)

H gap length between the fabric tows (m)
h height between two parallel plates (m)
K permeability of the medium (m?)

L length of tubing (m)

L, length of cylindrical bubble (m)

L, length of the fabric tow channel (m)
Q volume flow rate (m?)

R pipe radius (m)

r radius of the bubble (m)

Re Reynolds number
bubble mobility/mobility factor
v velocity of the fluid (m/s)
Vg velocity of the bubble by Darcy’s law (m/s)
Viubble velocity of the bubble (m/s)
Vs volume averaged velocity of fluid (m/s)
Y guid pore averaged velocity of fluid (m/s)
v, relative velocity (m/s)
V., average velocity of the entire gap region (m/s)
U viscosity of the fluid (Pa-s)
Ps density of the fluid (kg/m?)
VP pressure gradient (Pa/m)
AP pressure difference between inlet and outlet (Pa)

2015; de Almeida and dos S. N. Neto, 1994; Yang and Lu,
2021). Voids can compromise the mechanical characteristics
of composites by promoting microcracking, primarily due to
stress concentrations initiated by voids, leading to premature
fatigue failures (Gangloff et al., 2015; Varna et al., 1995;
Liu et al., 2006; Wood and Bader, 1994; Yang and Lu, 2021;
Dutra et al., 2021). To effectively control the behavior of
voids, it is essential to understand the relation between resin
flow, bubble dynamics and the architecture of porous media
(Li et al.,, 2024).

Void formation in LCM processes can be attributed
to various factors. The two dominant ones would be (i) the
entrapment of air or other volatiles during the flow of resin
and (ii) insufficient infusion speed leading to gelation before
infiltration is finished (Mehdikhani et al., 2019; Pillai, 2002;
Pupin et al,, 2017; Rabaud et al., 2011). The former is usually
the dominant factor unless the infusion is poorly planned.
The presence of air and volatiles in the mold stems from
insufficient evacuation prior to the infusion, moisture,
or other volatiles dissolved in the resin or even as a result of
chemical reactions during the curing process.

The volatiles dissolved within the resin nucleate into
bubbles with dropping pressure, or bubbles are already
present within the resin as it enters the mold (Chui et al,,
1997). They are transported with resin and show intricate
dynamics of their own. The intent is to accelerate them, so
they reach the flow front during the filling stage and are
evacuated through the vent in the properly designed infusion
process. The motion of bubbles is influenced by a number
of parameters.

Buoyancy refers to the force from the pressure gradient
observed between the inlet and outlet of the fluid system
under vacuum. This pressure gradient is due to the inlet
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pressure being higher than the vacuum pressure at the
outlet. This pressure differential provides the forward force
on the bubbles. The vertical component (buoyancy force
due to gravity) of this gradient is quite small compared to
the horizontal part. This pressure gradient clearly drives
the bubble to move faster than the resin. The magnitude
of this speed-up is uncertain but crucial since this allows
bubbles to evacuate through the resin flow front. The role
of capillary forces and physical constraints within the
reinforcement pores is not determined (Patel and Lee, 1995).
To understand and characterize bubble movement, we
conducted an experimental investigation of bubble motion
during resin flow in porous media.

In our study, we investigate the motion of discrete
bubbles utilizing a concept known as bubble mobility,
denoted as U (Patel and Lee, 1995; Gangloff et al, 2014a,
2014b). The characterization of bubble mobility represents
a fundamental component in our analysis of the transport
phenomena. Bubble mobility refers to the ability of bubbles
in a liquid to move or migrate within that medium
(Mehdikhani et al., 2019; Pupin et al, 2017). It is a
characteristic that describes how fast the bubble moves
relative to the average fluid velocity (Mehdikhani et al., 2019;
Pupin et al., 2017).

In cases involving multidimensional flow configurations,
bubble mobility is tensorial in nature, as it couples the
vector of fluid velocity—in our case, pore averaged—with
the vector of bubble velocity. The two may be generally
misaligned. In our work, we simplify the flow behavior
(one-dimensional flow). To this end, the reinforcement will
be aligned with the flow, and the symmetry will keep the
velocities of the fluid and bubble aligned. In that case, the
bubble mobility (mobility factor) can be defined as a scalar
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as the ratio of the velocity of the bubble divided by the
averaged pore velocity of the fluid, v, which is defined
as the volume flow rate/(cross-sectional area*porosity)

(Eq. (1)):

U = Youbtle (1)
Y fuid

Thus, we will investigate this ratio and its dependence on
several factors: bubble size, resin viscosity, and reinforcing
fabric geometry. The bubbles that either entered the resin
or were formed due to local flow disturbances cannot
reach the flow front and vent unless U is greater than unity
(Mehdikhani et al., 2018; Lee et al., 2006; Song and Hu,
2017; Leclerc and Ruiz, 2008; Patel et al., 1993; Olsson and
Kreiss, 2005; Yang and Lu, 2021).

This condition, however, may not be entirely sufficient
to ensure their successful removal. As the resin flow can be
modeled and the velocity field computed (Gangloff et al.,
2014a), the determination of bubble mobility allows one to
track a bubble inserted into the field and determine whether
it will reach the advancing resin front or be “left behind”,
creating micro- or meso-level porosity (Gangloff et al,
2015; Mehdikhani et al., 2018). Tracking multiple bubbles
would allow one to determine potential locations where
this porosity accumulates.

In this work, we first experimentally characterize
the bubble velocities as they flow through different fabric
architectures. Next, we correlate the fabric weave to the
bubble size and then introduce models to predict bubble
mobility based on bubble size and fabric weave and compare
the results with the experimental data. We have presented
a schematic outlining the structure and our approach to
address the objective of this work in Fig. 1.

2 Experimental setup

This study aims to examine the relationship between bubble
mobility and the inherent attributes of both the bubble
and the porous medium it traverses through. To achieve
this, the fabric weave is placed in a closed rectangular mold
with transparent plates to facilitate and record the flow of
the carrying fluid and the bubbles through the porous
medium. The injection of the bubble is automated with
the syringe driven by constant displacement at the inlet
tube. The experimental procedure is elaborated upon in
Section 2.1.

2.1 Experimental procedure

In this study, to facilitate the flow through the porous
media, a vacuum at the outlet generates the required
pressure gradient to drive the flow through the porous
media within a closed mold. Corn syrup is selected as the
surrogate fluid due to its ease of viscosity adjustment,
which greatly enhances its operational efficiency. The
mold is fabricated using two transparent acrylic plates
(20.5"x6"). A 1/32” rubber seal is used to prevent any
leakage around the plates, while clamps are employed to
securely fasten the mold plates in place. The rubber seals
help provide control over the fiber volume fraction within
the mold. Figure 2 presents a schematic of the experimental
setup.

For enhanced visualization of bubble dynamics within
the fabric, a single-layer fabric (11 cm x 10 cm) is placed
inside the mold, directly beneath an overhead-mounted
camera. Bubbles are consistently generated at the inlet using
an automatic syringe. The size of the bubbles is controlled
by the size of the syringe needle, as presented in Table 1.

Characterization of Bubble Mobility during
Flow Through Fibrous Porous Media

Physic-based
Model

Bubble Mobility
Through Parallel Plates

Bubble Mobility
Through Fabric

Resin Fabric )
Viscos“y BUbble SIze

Experiment

LCM Process

Bubble
Mobility

Validation

Fig. 1

Schematic of the approach to investigate the role of bubble mobility in fibrous porous media.

i # £ é i i @ Springer

Tsinghua University Press

(B)
=y



Version of record at: https://doi.org/10.1007/s42757-024-0219-9

S. W. Chen, N. N. Kermani, P. Simacek, et al.

Camera
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Rubber Clamp

Transparent acrylic mold (top) [[71

Vent tube

|—L

Transparent acrylic mold (bottom)
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Corn syrup
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Fig.2 Schematic of the experimental setup to monitor bubbles moving through the fabric (porous media) during the injection process
(Chen et al., 2023). The setup consists of two transparent acrylic molds with a rubber spacer. Fabric is placed between the inlet and outlet
ports. The automatic syringe that is connected to the inlet tube creates bubbles of various sizes that depend on its diameter.

Table 1 Size of the utilized needles in the experiments and their
corresponding generated bubble diameters upon entry which is
defined as the in-plane diameter

Inner needle diameter (mm) 0.06 0.09 0.16 0.33

Bubble diameter (mm) 0.40-2.00 1.50-2.50 2.00-3.50 3.00-5.00

2.2 Materials and measurements

One primary objective of this study is to systematically
investigate the influence of different fabric types and weave
patterns on bubble mobility within fibrous porous media.
Accordingly, experiments are conducted employing a range
of distinct fabric types detailed in Table 2.

To ensure a consistent fluid flow velocity and prevent
disruptive phenomena such as “racetracking”, which involves
the resin traveling at higher speeds along fabric edges due
to imperfect fabric fit along the mold walls, clay was applied

along the lateral edges of the mold, as shown in Fig. 3(A).
This effectively eliminates racetracking and promotes a
uniform flow from the inlet to the vent.

To determine the fiber volume fraction within Region
IT (Fig. 3(B)), the fiber volume was calculated by weighing
the fabric and dividing it by the total volume of Region II,
which was calculated by measuring the gap between the
acrylic plates. Furthermore, a vacuum test was conducted
to ensure that there were no leaks within the mold before
proceeding to open the inlet to let in the fluid.

To calculate the bubble velocity, measurements were
taken in three distinct regions, as depicted in Fig. 3(B). The
schematic presented in Fig. 3(B) highlights three regions
within the mold: the space (i) between the inlet and the
fabric (Region I), (ii) occupied by the fabric (Region II),
and (iii) between the fabric and the vent (Region III).
These regions were chosen strategically to capture various

Table 2 List of the fabrics used in the experiments

Fiber type Glass Glass Carbon Carbon
Weave patterns Plain Mock Leno Plain Twill
Brand ACP Composites ACP Composites Sigmatex Sigmatex
Weight 9.6 oz/yd® 20.10 oz/yd? 8.85 oz/yd* 12.09 oz/yd?
M M
7 —
e - o
Fabric schematic Qi TR
& m msm mim
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Region |

Region IlI
O 14 cm

Outlet

Rubber

5cm 10 cm

Fig. 3

20 cm

(A) Top view of the experimental setup. (B) Schematic of the setup shows three regions within the mold: (i) Region I: between

the inlet and the fabric, (ii) Region II: fabric, and (iii) Region III: between the fabric and the vent (outlet).

aspects of bubble motion and its relationship with local
flow characteristics. However, this investigation primarily
concentrates on the bubble motion within the first two
regions.

The dynamic alteration in bubble size is a consequence
of the pressure drop across the mold length and constitutes
a significant facet of our investigation. It is imperative to note
that the measurement of bubble dimensions is conducted
at the point of entry into the mold. In addition to the bubble
size variations observed during entry, it is essential to
acknowledge the presence of a pressure drop inherent in
both the inlet and the outlet tube. The pressure drop in
these tubes can be calculated by using the Hagen-Poiseuille
equation, which is shown below. These are usually quite
small and are neglected.

8uQL

AP =
nR*

(2)

where AP is the pressure difference between the two ends,
u is the viscosity of the fluid, Q is the volume flow rate, L is
the length of the tubing, and R is the pipe radius.

To attain the desired viscosity, water is added to the corn
syrup in precise proportions, and the mixture is thoroughly
blended to ensure uniformity. Subsequently, the viscosity
of this mixture is measured using a digital viscometer

(Brookfield DV-I) to confirm that it aligns with the required
specifications.

Achieving accurate observation and analysis of bubble
motion during the flow monitoring experiment requires
precise camera positioning. This involves aligning the camera
to capture the intended view, often referred to as the region
of interest (ROI) within the mold. Figure 4 presents the
ROI of the camera, specifically showcasing the transition of
a bubble flowing through from Region I to Region II and
finally entering Region III by moving through the channels
in the fabric. Figure 4 illustrates the change in the shape of
the bubble as it enters the porous media. Our focus is on
individual bubble motion rather than broader phenomena
such as bubble clusters or the flow patterns of bubble trains
moving through fibrous porous media. This focused approach
allows us to thoroughly examine the characteristics and
behavior of this particular bubble type. By analyzing factors
such as its size, we can gain a deeper understanding of its
interactions within the experimental context.

This experiment was conducted in which the inlet was
at atmospheric pressure and a vacuum was applied at the
outlet. The bubble size in the experiments was measured
before it entered the fabric by using the image tool where
we placed a ruler that indicated the bubble’s size in relation
to it. The increase in bubble diameter ranged between
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Bubble

Bubble

Tow gap
width

®)

Bubble

Bubble

© (D)
Fig.4 The location of the bubble through the fabric: (A) before
the bubble enters the fabric in Region I, (B) bubble at the entrance
of the Region II entering tow gap, (C) bubble traveling through
the gap between fiber tows in Region II, (D) bubble exiting from
the gap into Region III.

10.3% and 23.2% as it progressed through the fabric due
to the decreasing pressure. However, it is important to note
that for our analysis, we neglect any variations in bubble
size caused by the pressure gradient.

The pore-averaged flow velocity was determined by
measuring the mass flow rate using a precision weighing
scale and assessing the fiber volume fraction relative to the
rubber thickness. Consequently, the calculation of the mobility
factor for each bubble in different regions was facilitated by
measuring bubble velocity through captured images by the
camera (Eq. (1)).

2.3 Experimental results

In the conducted experiments, bubble mobility was

systematically assessed over a range of bubble diameters
by introducing various fabric weaves into the mold. The
primary orientation of these fabrics was aligned with the
direction of fluid flow. Figure 5 displays the measured data
for bubble diameters before entering the fabric (Region I)
with respect to the width of the measured fabric’s channel gap
between the tows, through which the bubbles traverse in
the specific fabrics employed throughout the experiments.

As shown in Fig. 5, bubbles with different diameters
were introduced for each type of fabric. The range of
bubble diameters remained relatively consistent, typically
between 0.25 and 5 mm at incoming pressure (close to 1 atm).
Notably, the tow gap width in the plain carbon fiber fabric
was observed to be greater than that in the Twill and Mock
Leno fabrics.

This is followed by measuring the mobility factor of
each bubble, defined as the ratio of bubble velocity to pore
averaged flow velocity (Eq. (1)), across various experiments
that are shown in Fig. 6. The scatter in the data were due to
the measurement errors in bubble size and velocity and the
variability introduced by the variation within the fabric
architecture and the nesting between the various fabric
layers. To investigate the physics associated with the bubble
mobility factor during its passage through the porous medium,
this parameter is measured both in a region devoid of the
porous media (Region I) and within the porous media itself
(Region II). From Fig. 6, one can observe a substantial
difference in the mobility factor of bubbles flowing through
these two regions.

Figure 6 reveals that the bubble mobility in Region I is
notably restricted (remaining between 0.4 and 2). In contrast,
the mobility factor increases by an order of magnitude
when bubbles move through the fabric. This is because of
the effect of bubbles on the physics of flow. In Region I, the

5 | : .
® Plain (CF) 0.262 Pa-s
45¢ Iy ° 1 e Pplai
l ' ® Plain (CF) 0.308 Pa's
at N H 'l . Plain (CF) 0.620 Pa-s
¢+ .
=35| | ® Plain (CF) 0.643 Pa-s
£ | * Plain (CF) 0.922 Pa-s
5 3t . 1 Plain (CF)0.946 Pa-s
(]
2,5 M » § .0 e Plain (CF) 2.572 Pa-s
(] ® . N
5 ¢ e Plain (GF) 0.290 Pa-s
o 2 L
ﬁ : . ¢ Mock Leno 0.346 Pa-s
03] 151 . s ° ® 1+ Mock Leno 0.941 Pas
1t $ o % Logt |+ Twill(cF)0.406 Pass
[} L]
H Twill (CF) 0.640 Pa-s
05F 80,
Twill (CF) 0.894 Pa-s
0 ‘ . . .
05 1 15 2

Tow gap width (mm)

Fig. 5 Bubble size and tow gap width variations for various fabric weave patterns as listed in Table 2 for each experiment. The viscosity of

the simulated resin in each experiment is provided in the legend.
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Fig. 6 Measured bubble mobility is presented as a function of bubble diameter in each experiment including both in Region I (no-fabric
with 0.4 < U < 2) and Region II (fabric groups as listed in Table 2). The viscosity of the resin in each experiment is in the legend.

bubbles are small relative to the flow domain and do not
impact the flow. In Region II—assuming that the bubble is
comparable with the channel size—the presence of bubbles
impacts the flow in that channel by reducing viscous drag.
The bubble does not move faster than the fluid (capillary
forces add only a slight increase (Bretherton, 1961)), but
the fluid moves much faster in that individual channel than
the pore average value suggests, and the bubble just rides
along with it.

3 Proposed bubble mobility models

The experimental results suggest two distinct physics
associated with the mobility factors of bubbles when they
travel through (i) the region between the plates without the
porous media (Region I) and (ii) the region within the porous
media (Region II). In this section, two physics-based models
are proposed to predict the mobility factor of bubbles
traveling through these two regions.

3.1 Bubble mobility between thin parallel
(Region 1)

plates

To propose a physics-based model to predict the velocity
of a bubble moving within a thin gap between two solid
mold plates, the primary assumptions made are as follows.
(i) The buoyant and drag forces are the only forces that are
exerted on the bubbles. (ii) These forces are equal and
opposite, so there is no net force on the bubble, and hence,
the bubble does not experience any acceleration in this
region. (iii) No-slip boundary conditions exist on the mold
plate surfaces. Note that for gaseous bubbles, the mass is
negligible and so would be the inertia forces (acceleration
being instant).

In flows driven by an applied pressure gradient, as
depicted in Fig. 7, pressure gradient VP is mostly aligned
with flow and results in a similarly aligned buoyancy force
as described in Eq. (7) (Imberger, 2013):

4 3
E = gnr VP (3)
where F is the buoyancy force and r is the radius of the
bubble. Moreover. The drag force acting on the bubble is a
function of its size, shape, and the velocity of the fluid,
which can be formulated as Eq. (4) (Liu et al., 2006):

1
Fd = EprdAVZ (4)

where F, is the drag force, p; is the density of the fluid,
C, is the drag coefficient, A is the cross-sectional area of
the bubble, and v is the velocity of the fluid. The drag
coefficient is typically determined using empirical equations
based on experimental data (Dey et al., 2019). The sphere is
one of the most commonly studied shapes for this purpose.

Top plate

Fluid

Buoyancy vs. viscous

Bottom plate

Fig.7 Model I—Bubble mobility between thin parallel plates.
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The relationship between the drag coefficient and the
Reynolds number (Re) (Dey et al., 2019):

Re = PP 5)
u

where p is the fluid density, v is the flow velocity, D is the
diameter of the sphere, and y is the viscosity of the fluid.
In the experiments conducted in this study, the density and
viscosity of the corn syrup are characterized by values of
1.20 g/cm® and 0.26-2.57 Pas, respectively. The velocity of
bubbles within Region I is on the order of 2 mm/s, resulting
in Reynolds numbers ~0.1. A theoretical formula for the
drag coefficient of a sphere at Reynolds numbers below 0.2
was developed by George Gabriel Stokes and is presented
in Eq. (6) (Khalaf, 2009).

24
C,=—
¢ Re

(6)

By substituting Eq. (6) into Eq. (5), the relationship
in Eq. (7) provides the expression for the drag force exerted
on a sphere moving within a fluid with relative velocity v, :

F, =3unDv, (7)

Hence, if a bubble is in a state of constant velocity
without experiencing acceleration (- F = 0 ), within a fluid,
the relationship between the relative velocity (v, ) , the pressure
gradient, and the bubble diameter can be determined by
equating the buoyancy force (Eq. (4)) with the drag force

(Eq. (6)):

L _1vPD
18

(8)

The relative velocity of the bubble (v, ) with respect to
the average velocity of the fluid (v;) can be described as
v, = vy — v, where v, is the velocity of the bubble. In our
work, the fiber volume fraction is over 47%, and it has been
shown that with this fiber volume fraction, Darcy’s law is
valid for low Reynold numbers (< 0.2). Using Darcy’s law
(Eq. (9)) (Whitaker, 1986), one can describe the average
velocity of the fluid (v;) as a function of the permeability
of the medium (K).

v, = —Kyp ©)
P

The permeability of the channel between two parallel
plates with a height denoted as (h) can be estimated
as h*/12. Consequently, by rearranging Eq. (8) with regard
to the definition of the pressure gradient according to
Darcy’s law and the permeability of the channel, the
mobility factor of a bubble (as defined in Eq. (1)) can be

P 2 s .
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expressed as Eq. (10):

2D?
U=1+ 3 (10)

One of the assumptions in the proposed model can be
modified due to the limitation in image processing in the
experiment. From the experimental setup, all images are
captured from the top view. Therefore, the location of the
bubbles through the thickness of the channel between the
two parallel plates is not known with certainty. In the proposed
model, it is assumed that the bubble moves within the flow
in the middle, equal distance from the top and the bottom
plate. However, in reality, smaller bubbles might touch the
top plate due to the buoyancy effect, as schematically shown
in Fig. 8.

As a result, the average flow velocity within the region
traversed by the bubble deviates from the initially proposed
model, and it can be corrected by computing the average
flow velocity in close proximity to the plate at a distance D
as Eq. (11):

3.1 3 2y Y
VBEVWBJ%DI_[T] dy
3D DY
=V, |ZZ 2= 11
Vol [h] (11)

where V; is the average velocity of the bubble region and
V,, is the average velocity of the entire gap region. Once
again, through the rearrangement of Eq. (8) in accordance
with Darcy’s law and the permeability of the channel, it
becomes possible to express the corrected mobility factor
for a bubble moving between two plates (Region I).

1+ 3R]
3Lh

In Section 4, the predictions regarding the bubble mobility

U= =2

h

0 (12)

3D [D]2

Top plate

Bottom plate

Fig.8 Region I—Smaller bubbles ascend and touch the top plate
and its average velocity is corrected by averaging it over distance D
instead of distance h in the modified model.
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factor, as derived from this initial formulation, will be
subjected to a comparative analysis with the measured
experimental data.

3.2 Bubble mobility through porous media (Region II)

To develop a physics-based model aimed at predicting the
mobility factor of bubbles as they permeate a porous
medium (fabric), it is postulated that the principal physics
governing this phenomenon is the pressure gradient across
the bubble. In our work, the textile reinforcement could be
represented by a large number of parallel “tubes” that are
periodically connected by transverse channels that allow
pressure equalization. The averaged or pore averaged
(apparent) velocity of fluid is averaged over all of the
parallel channels as it is proper to do so for the textile
reinforcement. The bubble length is comparable to the
channel size, and we assume that in this particular channel,
the bubble moves with the fluid. As a result, any effects
stemming from bubble fragmentation and capillary pressure
are intentionally neglected. This could lead to slight
differences in the results (< 10% correction for the capillary
effects) (Bretherton, 1961) but in comparison with flow
velocity in the majority of channels without bubbles (quite
possibly 10x slower).

To account for the changes in the bubble’s shape
during its transit through the fabric (as depicted in Fig. 4),
it is assumed that the bubble, when within the fabric, takes
on a cylindrical form of length, L, . Figure 9 provides an
illustrative representation of a bubble traversing the fabric
tow channel length, L_. As shown in Fig. 9, the diameter of
the reshaped bubble within the fabric channel is equal to
the gap between the fabric tows (H) . Hence, Eq. (13) is
formulated to equate the volume of the bubble prior to
entering the fabric with the volume of the reshaped bubble,
serving to facilitate the computation of the elongated bubble’s
length within the fabric.

Bubble volume = I D = T
6 4

L H? (13)

The schematic presented in Fig. 9 illustrates the pressure
gradient ( P, — P, ) within the upper channel, without bubbles,
which facilitates the application of Darcy’s law for the
determination of the volume-averaged flow velocity within

this channel (as expressed in Eq. (14)).

_KAP
Cu L

Ve (14)
where K is the permeability of the channel within the fabric
that the bubble moves through. However, if it is presumed
that the pressure remains constant within the bubble, the

D
e Bubble
Bubble Fiber tow
1 N
1 LC N |

Fig. 9 Schematic of bubble mobility through the porous fabric.
The green line shows the pressure drop along the channel.

volume-averaged flow velocity within the channel containing
the bubble can be expressed as Eq. (15):

K AP

=— 15
" MLC_Lb ( )

Similar to the preceding model, the mobility factor of the
bubbles can be formulated by rearranging Eqgs. (13)-(15)
with respect to the relative velocity of the bubble.

U:; (16)

L)1)

3\H) (L,

Nevertheless, two specific limitations are inherent in

this model. First, it necessitates that the bubble possesses an

initial diameter exceeding the width of the fiber tow gap to

ensure contact with the tow channel following elongation.

Second, the length of the bubble is constrained from

exceeding the length of the channel itself. In Section 4, the

comparison of the predicted mobility factors with the
experimental data will be discussed in detail.

4 Results and discussion

4.1 Factors impacting bubble mobility

In Fig. 6, the measured mobility factors were described
with respect to the diameter of bubbles before they entered
the fabric. However, the information discerned from the
figure primarily pertains to the disparity in mobility factors
between bubbles within Region I and those within Region IL
To enable a comparative analysis of bubble mobility across
various fabric weave types, a dimensionless parameter was
introduced by dividing the bubble diameter by the tow gap
width (D/H), as shown in Fig. 10. This approach allowed for
the normalization of the measured experimental data in
relation to the fabric characteristics, thereby facilitating a
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Fig. 10 Effect of bubble diameter to tow gap width ratio on bubble mobility in Region II.

qualitative assessment of the influence of the fabric type on
the mobility factor of bubbles.

Figure 10 illustrates the classification of the measured
data by plotting the mobility factor of bubbles with respect
to the dimensionless number of (D/H) in Region II. The
utilization of this nondimensional number provides a clear
understanding of the dependency of the mobility factor
on the fabric’s architectural characteristics, specifically in
relation to the tow gap width. Fabrics characterized by
smaller bubble size to tow gaps or denser packing of fiber
tows ratio (D/H) tend to exhibit lower bubble mobility
within the same type of weaving fabric.

Figure 11 displays the measured mobility factor of bubbles
in experiments employing a carbon fiber plain weave. This
presentation helps in identifying the influence of various
parameters on bubble mobility.

For the results illustrated in Fig. 11, the parameters under
consideration encompass viscosity and the dimensionless
number (D/H). It can be deduced that viscosity exerts a
relatively minor influence on bubble mobility, given the
similarity in the mobility factor of bubbles when viscosity
is altered by an order of magnitude, ranging from 0.26 to
2.57 Pa-s. Furthermore, Fig. 11 elucidates the impact of
bubble diameter on the mobility factor. Within the findings
presented in Fig. 11, an equivalent tow gap measurement
was employed in the construction of the dimensionless
number. Consequently, a higher dimensionless value signifies
a larger bubble diameter. Despite the scatter in the results
due to the measurement errors in bubble size and velocity
and the variability introduced by the variation within the
fabric architecture and the nesting between the various
fabric layers, these results show that larger bubbles, present
before entering the fabric, exhibit an elevated mobility factor
as they move through the fabric.
it % £ 2 it

Tsinghua University Press

A Springer

30
L 1]
L 1]
25+ L LY b
L] L] L]
*® e
L] LR ]
g 20+ L) ¢ %e
> - o H
= ome *s
;g o0 L] L]
ez}
£ .
% .. oo o
2 10l .:. ° . ® Plain (Carbon Fiber) 0.262 Pa-s | |
m o %% ° ® Plain (Carbon Fiber) 0.308 Pa-s
L Plain (Carbon Fiber) 0.620 Pa-s
® Plain (Carbon Fiber) 0.643 Pa-s
5 ® Plain (Carbon Fiber) 0.922 Pa-s ||
Plain (Carbon Fiber) 0.946 Pa-s
® Plain (Carbon Fiber) 2.572 Pa-s
0 . I 5 I
0 0.5 1 1.5 2 2.5 3

Bubble diameter / tow gap (D/H)

Fig. 11 Effect of bubble diameter to tow gap width ratio on bubble
mobility with different fluid viscosities for plain weave carbon
fiber experiments.

4.2 Model validation

In this section, the experimentally measured mobility
factor of bubbles is compared to the values predicted by
the proposed physics-based models. First, as presented in
Fig. 12, the proposed model for the bubbles moving between
two parallel plates separated by a gap of height h (Region I)
is compared with the experimental data.

There is very good agreement for larger bubbles or
higher (D/h) with the model. However, when the ratio of
bubble diameter to gap height falls below 0.5, the experimental
data do not align satisfactorily with the model. However, in
the modified model, accounting for the vertical buoyancy
force causing the bubble to ascend adjacent to the top plate,
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Fig. 12 Comparison of mobility predictions (Eq. (10)) with
experimental data of bubble flow between parallel plates. The
dotted line is for the model that does not account for smaller bubble
sizes than the distance between the plates. The model accounts for
local velocity variation is more accurate for smaller bubble sizes.

a remarkable improvement in the agreement between the
experimental data and the model is found in Fig. 12.

Finally, the model proposed for Region II to predict the
mobility factor of bubbles traversing through the porous
media channels is compared with experimentally obtained
data in Fig. 13. It is important to note that this comparison
encountered two specific limitations stemming from the
model’s assumptions. First, for this comparison, the selected
bubbles should have been sufficiently large to ensure that
the diameter of their elongated form was comparable with
the width of the channel. Additionally, the length of the
elongated bubble should have been constrained to be shorter
than the length of the channel between the fabric tows.
Within the constraints of these two limitations, Fig. 13
illustrates a notable alignment between our model and the
experimental data, indicating a strong correlation.

We observe a discrepancy between the experimental
data and the model, and this variance can be attributed to
our consideration of bubble size exclusively upon entry. In
reality, the bubbles expand as the pressure decreases through
the porous media. Larger bubbles inherently possess greater
bubble mobility, leading to an augmented impact on the flow
dynamics. The model’s divergence from the experimental
data highlights the need for a more nuanced incorporation
of dynamic bubble size changes in response to pressure
drops within the porous media to achieve a more accurate
representation of the system behavior.

5 Conclusions

This study focused on investigating the movement of bubbles

2
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27 Model with 5% diameter decrease| |
® Experimental data
0 . ! N
1.32 1.34 1.36 1.38 14

2
57 (#)
Fig. 13 Comparison of mobility predictions (Eq. (16)) with
experimental data—Flow through fabric reinforcement.

within the flow through porous media. The primary objective
was to assess the effect of parameters such as bubble size,
porous media characteristics, and viscosity on the mobility
factor of bubbles that represent how fast the bubbles move
relative to the average resin velocity through the porous
media. To achieve this, an experimental setup was designed
and constructed specifically for monitoring bubble dynamics
during fluid flow through fibrous porous media in a sealed
mold. This setup featured two transparent acrylic molds,
and bubbles were introduced at the inlet and tracked using
a camera. Each experiment utilized a single-layer fabric
as the porous medium, with three different weave types:
(i) plain carbon and glass fiber weave, (ii) Twill, and
(iii) Mock Leno weave.

From the experimental data, it was observed that the
bubble mobility was approximately an order of magnitude
lower between two parallel plates compared to when bubbles
had to traverse through the porous fabric. Furthermore,
the experimental results show that when considering the
influence of viscosity in relation to fabric weave type, it did
not exert a significant impact on bubble mobility. The
introduced dimensionless number, which is defined as the
ratio of bubble diameter to fabric tow gap width, exhibited
a strong correlation with bubble mobility across various fabric
weave types. Notably, bubbles with similar dimensionless
numbers within the same fabric architecture displayed similar
mobility characteristics, allowing for the classification
of results into distinct clusters for different fabric types.
Additionally, a comparative analysis of the experimental
data revealed that larger bubbles tended to exhibit higher
mobility within the same fabric structure.

Our study also presented two simple physics-based models
that estimate bubble mobility based on flow parameters in
the two regions. The first model predicts the mobility factor
O EEST A Springer
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of a bubble as it moves within a flow between two parallel
plates in the absence of fibers, accounting for buoyancy and
drag forces. The equation based on buoyancy and drag
forces for a bubble based on averaged flow velocity proved
grossly overestimating the mobility for small bubbles.
In response to this discrepancy, a modified estimate that
accounts for the nonuniformity of the velocity field between
plates was proposed, which rectified the shortcoming,
resulting in very good agreement with the experimentally
measured data.

Then, for Region II, the mobility of bubbles in the porous
media was investigated under simplifying assumptions,
such as disregarding contact forces and neglecting bubble
fragmentation. Despite these limitations, our model indicates
good agreement with the experimental data.

Thus, this work has shed light on the role of several
material and process variables on bubble mobility through
a porous fabric. First, the bubble mobility depends on the
bubble size and has been measured to be much higher
than what has been reported in the literature. Second,
the viscosity of the fluid does not seem to have a strong
influence on bubble mobility, and third, we show that the
type of fibrous porous media architecture influences bubble
mobility. Finally, we also introduce simple models to describe
the bubble mobility and compare it with our experimental
measurements.

While the experimental findings and physics-based
models presented in this study rely on certain assumptions,
they provide a valuable starting point for future research
into bubble mobility within porous media. The observed
results can be utilized in potential practical applications in
the removal of trapped bubbles during the manufacturing
of composite parts.
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