
Composites Science and Technology 70 (2010) 1628–1636
Contents lists available at ScienceDirect

Composites Science and Technology

journal homepage: www.elsevier .com/ locate /compsci tech
Dynamic capillary impact on longitudinal micro-flow in vacuum assisted
impregnation and the unsaturated permeability of inner fiber tows

Min Li a,*, Shaokai Wang a, Yizhuo Gu a, Zuoguang Zhang a, Yanxia Li a, Kevin Potter b

a Key Laboratory of Aerospace Materials and Performance (Ministry of Education), School of Materials Science and Engineering, Beihang University, Beijing 100191, China
b Advanced Composites Centre for Innovation and Science, University of Bristol, University Walk, Bristol BS8 1TR, UK

a r t i c l e i n f o
Article history:
Received 23 November 2009
Received in revised form 26 May 2010
Accepted 4 June 2010
Available online 9 June 2010

Keywords:
A. Polymer-matrix composites (PMCs)
E. Resin transfer moulding (RTM)
D. Permeability
B. Porosity/Voids
0266-3538/$ - see front matter � 2010 Elsevier Ltd. A
doi:10.1016/j.compscitech.2010.06.004

* Corresponding author. Tel./fax: +86 10 82339800
E-mail address: leemy@buaa.edu.cn (M. Li).
a b s t r a c t

This paper addresses issues of the synergetic dynamic effect of capillary force on the longitudinal impreg-
nation driven by external pressures, especially under vacuum assistance. An apparatus was designed to
detect the axial infiltration along unidirectional fiber bundles which were all aligned closely to give a rep-
resentation of micro-flow channel of inner fiber tows. The external driving pressures were controlled suf-
ficiently low, 20–60 kPa, on the order of capillary pressures. Based on the analysis of infiltration velocities
under different external pressures, dynamic capillary pressures can be determined experimentally. The
results showed that capillary pressures, the most important force of microscopic flow through inner fiber
yarns, acted as a drag force on the infiltration flow for vacuum assisted penetration into unidirectional
fiber bundles. This unique drag effect is very different from traditional unsaturated infiltration, different
from the compressed air driving permeation and the theoretical calculated data in this paper. Moreover,
values and even signs of the dynamic capillary pressures varied with the fiber fraction of the assemblies
as well as the fluid types. Further analysis demonstrated that the function of capillary pressure was clo-
sely related to the capillary number (Ca), acting as drag force when Ca larger than a critical value, and as a
promotive force with smaller Ca. Consequently, unsaturated permeabilities of the unidirectional fiber
bundles were estimated by taking consideration of both dynamic and quasi-static capillary pressures.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

As one of the cost-effective liquid composite moulding (LCM)
processes, vacuum assisted resin transfer moulding (VARTM) pro-
cess has been recognized as a viable option to manufacture large
composite structures with complicated shapes [1]. In the process,
a polymeric resin is introduced into the mould cavity by evacuat-
ing the mould cavity ahead of the infiltration front, so that resin
saturates the dry fibrous reinforcement. Hence, complete filling
of the reinforcement, both inter- and inner-fiber tows wetting be-
comes a major issue, which controls both the quality of the product
and the processing time.

In the LCM process, resin impregnation is highly dependent on
the permeability of fibrous reinforcement. As an important mate-
rial parameter, permeability represents the degree of difficulty
for a fluid to penetrate a porous medium, determined by the geom-
etry of the fibrous preform, which can be predicted according to
empirical equations, such as Carman–Kozeny equation [2], Gebart
model [3] and Westhuizen model [4]. However, discrepancies are
always observed between data from models and typical experi-
ll rights reserved.

.

ments [5], which are believed to be caused by neglecting the effect
of microscopic flow on the interpretation of the macroscopic
impregnation.

It has been known that complicated preform structure induces a
dual-scale flow behavior: microscopic flow and macroscopic flow
[6–10]. A direct result from this flow competition is entrapment
of voids within the fabric [11], especially micro voids formed due
to the microscopic capillary effects and low permeability of the fi-
ber tows [12]. Because of the importance of capillary flow in LCM
process, a number of studies have paid close attention to the eval-
uation of capillary pressures. Ahn and Seferis [13] designed an
apparatus to measure capillary pressure and transverse permeabil-
ity of carbon fiber woven fabric preform at low applied pressure.
Manson and coworkers [14] reported dynamic variation of the cap-
illary pressure in liquid composite moulding. Amico and Lekakou
[15] reported the influence of capillary pressure on estimation of
permeability of a plain-weave glass fiber fabric. And recently,
Advani and coworkers [16] modeled the capillary action on fiber
tow saturation during resin infusion by introducing theoretically-
estimated capillary pressure in flow simulation. However, as for
the dynamic of penetration flow, capillary pressures are always
deemed to act as promotive force, which is found not to be true
the cases of vacuum driving impregnation in unidirectional fiber
bundles in this study.

http://dx.doi.org/10.1016/j.compscitech.2010.06.004
mailto:leemy@buaa.edu.cn
http://dx.doi.org/10.1016/j.compscitech.2010.06.004
http://www.sciencedirect.com/science/journal/02663538
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Usually it is acknowledged that capillary number plays a critical
role on the dynamic variation of capillary pressure and contact an-
gle. Hoffman [17] reported a dependence of the contact angle on
the velocity of the flow front. Weitz et al. [18] found similar behav-
ior when a wetting fluid (water) displaced a nonwetting fluid (dec-
ane) in a porous media, measured the capillary pressure drop
across the interface between two fluids and its dependence on
the velocity. Additionally, Calvo et al. [19] investigated the varia-
tion of dynamic capillary pressure in diphasic flows through glass
capillaries. From the above, one can see that there are no complete
adequate reports on dynamic effect of capillary pressure on pene-
tration flow in fibrous perform, especially the interface shape of
the flow front.

This paper aims to explore the behavior of capillary forces
impacting on vacuum driven unsaturated micro-flow in unidirec-
tional fiber bundles. Dynamic capillary pressures were evaluated
experimentally from penetrations under vacuum as well as com-
pressed air pressure. The meniscus shapes of flow front corre-
sponding to the dynamic capillary pressure were verified by
experiments. Relationship between dynamic capillary pressures
and the capillary numbers were analyzed by transient velocity
measurement. Consequently, the influence of capillary pressure
on the accuracy of unsaturated permeability of inner fiber tows
was determined.
2. Experimental

2.1. Materials

Axial infiltration experiments were carried out using SC8-
12 � 20 glass fiber bundles, supplied by Nanjing Fiberglass Re-
search and Design Institute. Each bundle contains 880 fiber fila-
ments with diameter of 11.9 lm.

The impregnating fluid used in this study was silicone oil from
Beijing Chemical Reagents Company. In order to verify the unique
drag effect of capillary pressure obtained by silicone oil, different
fluids were employed, i.e. soybean oil, epoxy resin and glycerol
to repeat the impregnation experiments driven by external vac-
uum. Table 1 lists properties of all the liquids at ambient temper-
ature, where the viscosity and the surface tension were tested by a
Gemini rheometer of Bohlin Instrument and DCAT21 made by
Dataphysics Instrument, respectively.

2.2. Equipment and penetration test procedure

Two kinds of apparatus were designed to simulate infiltration
flow during LCM process, either driven by vacuum pressure or
compressed air pressure, as depicted schematically in Fig. 1. The
employed driving pressure was sufficiently low, less than 60 kPa,
so that capillary pressure effects could not be neglected. The unidi-
rectional fiber assembly was prepared by loading fibers in the lon-
gitudinal direction into a PTFE tube, i.e. preform holder. The inner
diameter of the preform holder was 3.8 mm. After the end of the
fiber bundle was cut off, the assembly was then pulled into the
PTFE preform holder, and the flat end of the fiber assembly was
kept 1–2 cm away from the holder end.
Table 1
Properties of infiltration fluids at ambient temperatures.

Liquids Density
(g/cm3)

Viscosity
(Pa s)

Surface tension
(�10�3 N/m)

Silicone oil 0.98 0.24 21.25
Soybean oil 0.92 0.08 33.86
Epoxy resin 1.15 0.65 45.49
Glycerol 1.26 0.53 63.73
The fiber volume fraction Vf is determined by:

Vf ¼
nNSf

St
ð1Þ

where Sf and St are cross-sectional areas of the fiber filament and
the PTFE tube respectively, n is the number of fiber bundles in the
specimen, and N is the number of filaments in one fiber bundle,
i.e. 880 in this study. From Eq. (1), tow number n required for a cer-
tain fiber volume fraction can be calculated.

For the vacuum driving apparatus, infiltration flow was mea-
sured with the preform holder suspended above a liquid reservoir,
as shown in Fig. 1a. The preform holder end was dipped into the
fluid by rising the elevator platform, and meanwhile the fiber
assembly was kept from contacting the liquid. After closing the
regulator valve, the vacuum pump started to remove air in both
the buffer tank and the pipe until stable vacuum pressure was ob-
tained. Vacuum pressure in the preform holder can reach the same
as that in the buffer tank in 2 s after the regulator valve was
opened. Once the liquid was introduced into the preform, the rise
of fluid height was recorded as a function of time. For the com-
pressed air driving apparatus, the preform holder was connected
with a liquid reservoir through a pipe, as illustrated in Fig. 1b.
The pressure generated from the air compressor forced the liquid
to infiltrate the preform. The rise height readings were recorded
with impregnating time.

The infiltration experiments were conducted under different
constant pressures. The height of the flow front as a function of
time is shown in Fig. 2. As expected, the silicone oil permeates into
the glass fiber assembly more quickly under higher external ap-
plied pressure. Moreover, it is of interest to note that the infiltra-
tion experiments driven by vacuum pressure show larger
velocities, in comparison with those driven by compressed air un-
der the same conditions, including fiber volume fractions and the
applied pressure.

2.3. Data analysis based on penetration velocities

For the infiltration experiments, the liquid flow is forced by a
pressure difference DP, which is generated from combined actions
of applied pressure, capillary pressure and gravity.

DP ¼ Papp þ Pc � qgh ð2Þ

where Papp is applied pressure, q is the liquid density, g is the
gravitational acceleration, h is the height of liquid rise, and Pc

is the capillary pressure which arises from the interface tension
between liquid and air, as well as the porosity of the fiber
assembly.

Assuming that the preform is incompressible and the liquid be-
haves as a Newtonian fluid, then Darcy’s law [20–22] in one-direc-
tional form can be used to describe the flow along unidirectional
fiber bundles,

dh
dt
¼ K

gð1� Vf Þ
dP
dh

ð3Þ

where K is permeability of the unidirectional fiber bundles, Vf is fi-
ber volume fraction, and g is liquid viscosity. In this study, the fluid
was driven by vacuum or compressed air of the values range from
20 kPa to 60 kPa, and length of the unidirectional fiber bundle
was no more than 9 cm, which could be totally penetrated in 1 h.
Therefore, the hydraulic pressure produced by the absorbed silicone
oil turned out to be lower than 900 Pa, far less than the external
pressure. Hence, the liquid force of gravity can be negligible. For
constant applied pressure, Eq. (3) can be rearranged as:

dh
dt
¼ K

gð1� Vf Þ
ðPapp þ PcÞ

h
; ð4Þ



Fig. 1. Schematics of experimental apparatus for infiltration experiments under the assistance of: (a) vacuum and (b) compressed air pressure.

Fig. 2. Height–time curves for the unsaturated penetration of silicone oil into glass
fiber bundles with fiber volume fraction of 60% under the assistance of applied
vacuum and compressed air, respectively.

Fig. 3. Height-square root of time plots of silicone oil penetrated into glass fiber
bundles with fiber volume fraction of 60%, under the assistance of vacuum and
compressed air, respectively.
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where Papp represents the external applied pressure, marked as Pva
app

for the external vacuum pressure and Pco
app for the compressed air

pressure hereinafter. Then Eq. (4) can be integrated and rearranged
as:

h2

t
¼ 2K

gð1� Vf Þ
ðPapp þ PcÞ: ð5Þ

By defining w2 = h2/t to illustrate the relative velocity of pene-
tration flow, a linear relationship between w2 and Papp is
presented:

w2 ¼ 2K
gð1� Vf Þ

Papp þ
2KPc

gð1� Vf Þ
: ð6Þ

Fig. 3 gives plots of impregnated fluid heights versus the square
root of time. The graphs illustrated quite good linear relationships
which indicate that Darcy’s law produces a good representation of
the experimental data. By plotting w2 as a function of Papp, a
straight line should fit the data with:

slope ¼ a ¼ 2K
gð1� Vf Þ

; ð7Þ
intercept ¼ b ¼ 2KPc

gð1� Vf Þ
: ð8Þ

Hence, unsaturated permeability of fiber assembly K and the
dynamic capillary pressure Pd

c can be calculated by these relations:
K ¼ agð1� Vf Þ
2

; ð9Þ

Pd
c ¼

b
a
: ð10Þ
3. Results and discussion

3.1. Dynamic capillary pressures measured from infiltration
experiments

In order to analyze the capillary effects arising from the inter-
face action between fiber preform and the fluid, external pressures
applied to the dynamic infiltration experiments were sufficiently
low. For the sets of vacuum driving experiments, we plotted mea-
sured penetration flow velocities w2 versus external pressures, Pva

app,
in Fig. 4. Eq. (6) is well verified by the data points of Fig. 4 and al-
lows us to determine the dynamic capillary pressure, Pd

c , by extrap-
olating the plots to zero external pressure. In the case of
compressed air driving experiments, the plot of w2-Pco

app also fitted
a straight line in Fig. 5. Hence, the dynamic capillary pressures,
averaged from the whole penetration process, can be calculated
according to Eq. (10). Data obtained from experiments are summa-
rized in Table 2 for silicone oil penetrated into unidirectional glass
fiber bundles with different fiber volume fractions, 50%, 60%, 70%,
and driven by vacuum and compressed air, respectively. Besides,
quasi-static capillary pressures, Ps

c , are also listed in Table 2 which



Fig. 4. Plots of w2 as a function of the external vacuum pressures according to Eq.
(6), for experiments of silicone oil permeation into the unidirectional fiber bundles
with different fiber volume fractions.

Fig. 5. Plots of w2 as a function of the external compressed air pressures according
to Eq. (6), for experiments of silicone oil permeation into the unidirectional fiber
bundles with different fiber volume fractions.

Table 2
Dynamic capillary pressures Pd

c extrapolated from silicone oil penetration experi-
ments in unidirectional glass fiber bundles driven by external pressures according to
Eq. (10); and the quasi-static capillary pressures Ps

c calculated from tested advancing
contact angles between glass fiber filaments and silicone oil according to Eq. (15).

Fiber volume fraction/% 50 60 70

Pd
c extrapolated from vacuum driving penetrations/kPa �7.3 �5.2 �1.7

Pd
c extrapolated from compressed air driving

penetrations/kPa

0.6 3.8 9.6

Ps
c calculated from advancing contact angles/kPa 6.8 10.3 16

Fig. 6. Plots of w2 versus the external vacuum pressures, for silicone oil permeation
experiments conducted by preform holder with 3.8 mm and 8 mm inner diameters,
where 67 and 308 bundles were used, respectively for the 60% fiber volume
fraction.
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are calculated from advancing contact angle between glass fiber fil-
aments and silicone oil applied to idealized uniform capillary tubes
according to Young–Laplace equation. Details are explicated in
Section 3.3.1.

For compressed air driving penetration, the extrapolated capil-
lary pressure (Table 2) are all positive values, illustrating promo-
tive synergistic effect of capillary force. Moreover, variation of
the capillary pressure indicated a stronger effect when fiber vol-
ume fractions increased, which is consistent with the tendency of
the quasi-static pressures. The values of both Pd

c and Ps
c in Table 2

are all about or lower than 10 kPa, in same order as reported by
Amico and Lekakou [23] in single fiber bundle.
However, for vacuum driving penetration, the extrapolated dy-
namic capillary pressures are all negative (Table 2), obviously dis-
tinct from those obtained from compressed air driving
experiments. The minus Pd

c are similar to the capillary pressure,
�13.9 kPa reported by Manson and coworkers [14], where non-
crimp fabrics were infiltrated with an epoxy resin. If values of these
dynamic capillary pressures are reliable, if can be inferred that
meniscus shape of the flow front in vacuum driving penetration
is inverted with respect to the flow direction, illustrating a unique
drag effect of capillary action. This is very important not only for
measurement of unsaturated permeability, but also for the voids
formation and micro-flow simulation in vacuum-based liquid com-
posite moulding.

Consequently, fiber holders with much bigger diameters, 8 mm
of inner diameter were used to conduct silicone oil infiltration to
investigate the size effect by contrast with those carried out with
3.8 mm holder, where 308 and 67 bundles were used respectively,
to keep the fiber volume fraction controlled at 60%. The resulted
data in Fig. 6 exhibits very small difference between these two sets.
Dynamic capillary pressure for the 8 mm holder is evaluated to be
�6.8 kPa by linear fitting, for the 3.8 mm holder as �5.2 kPa, indi-
cating a slight influence of the holder size.

It should be explicitly mentioned that, for the vacuum driving
penetration experiments, the extrapolated capillary pressures in-
crease, i.e. the absolute values of the capillary pressure decrease
with increasing fiber fractions, which cannot be explicated by ther-
modynamic theory. This variation is exactly opposite to that in
compressed air driving experiments where the capillary pressure
acts stronger stimulative effect on the penetration with increasing
fiber fractions. Especially, for the 70% fiber fraction experiment of
vacuum driving penetration, the data of �1.7 kPa (Table 2) indi-
cates almost negligible influence of capillary pressure. This phe-
nomenon gives us a hint on the consideration of critical factors
which determines the drag or promotive effect of capillary force
acting on the velocity of penetration flow in liquid composite
moulding under the assistance of vacuum.
3.2. Synergetic effects of dynamic capillary pressures in vacuum
driving penetrations

3.2.1. Correlation between Ca and dynamic capillary pressures
Hoffman found that the wetting angle is dependent on the

forced velocity of the gas–liquid interface when a wetting liquid
displaces a nonwetting fluid in a capillary tube [17]. And capillary



Table 3
Dynamic capillary pressures extrapolated from transient velocities at the beginning
and the medium of a penetration run, as well as the corresponding capillary number,
the experiments were conducted by vacuum driving permeation of silicone oil into
unidirectional fiber bundles.

External
pressure/kPa

Penetration
time range
of 0–100 s

Penetration
time range
of 400–600 s

Ca/�10�4
Pd

c /kPa Ca/�10�4
Pd

c /kPa

Fiber volume fraction
of 50%

20 13.0 �7.9 3.7 �4.2
30 19.2 5.0
40 20.4 5.9
50 25.3 6.3
60 27.8 7.8

Fiber volume fraction
of 60%

20 5.4 �8.0 1.7 �3.3
30 7.5 2.3
40 7.7 2.6
50 11.4 2.7
60 11.2 3.4

Fiber volume fraction
of 70%

20 4.8 �2.6 1.1 0.8
30 5.8 1.8
40 6.7 2.1
50 9.1 2.1
60 8.0 2.5
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number, Ca, is proven to be very useful to analyze the advancing
liquid–air interface in which viscous and interfacial forces are the
dominant factors controlling the system. It is a dimensionless
velocity, defined as ratio of viscous forces to interfacial forces at
the gas–liquid interface Ca ¼ g � u=c, where g and c are viscosity
and surface tension of liquid, and u is the velocity of the interface.
It can be seen from Fig. 2 that the fluid velocity decreased with
increasing permeation time, which resulted in relatively smaller
Ca. During a given experiment in this study, such as silicone oil
permeated into unidirectional fiber bundles with 60% fiber volume
fraction, the flow velocity typically varies from beginning of
1.0 � 10�4m/s to 6.7 � 10�6m/s at quasi-steady state where
Camax = 11.4 � 10�4 (Table 3), Camin = 7.5 � 10�5 (not shown).
Hence, we choose time range of 0–100 s and 400–600 s to analyze
the fast and middle transient velocities of the impregnation. Plots
of transient w2 versus applied vacuum, Pva

app; are shown in Fig. 7.
By extrapolating w2-Pva

app plots to zero external pressure, capillary
pressures can be calculated as �8.0 kPa and �3.3 kPa, for the 0–
100 s and 400–600 s time ranges, respectively. These values both
are different from the mean capillary pressure, �5.2 kPa averaged
over the whole penetration process (Table 2).

In order to have a further insight on dynamic effect of capillary
action on vacuum driving impregnation, correlations between cap-
illary pressures and the corresponding capillary numbers should be
considered in details. We evaluated dynamic capillary pressures by
transient velocities, i.e. w2 over the time range of 0–100 s and 400–
600 s respectively. The data are displayed in Table 3 together with
the corresponding capillary numbers. From Table 3, it can be seen
that all the transient capillary pressures differ from those mean
values (Table 2) resulted from a whole infiltration flow. Moreover,
for the same experiment, greater values of Ca always correlated to
larger size of capillary pressure. Therefore, a definite conclusion
can be drawn that dynamic capillary pressures vary depending
on the velocity of penetration, totally different from the thermody-
namic capillary pressure estimated by Young equation. As infiltra-
tion going on, the interfacial effect gradually becomes stronger in
competition with the viscous effect, and the dynamic capillary
pressure closely related to the capillary number.

From Table 3, we can also find that the transient dynamic cap-
illary pressures exhibit all minus sign, except one, the 0.8 kPa for
penetration in 70% fiber faction bundles within time range of
400–600 s. Although data of this set scattered relatively wider than
penetrations in 60% and 50% fiber content bundles, plots of tran-
sient w2 versus Pva

app still fitted in straight line to give a reliable dy-
Fig. 7. Plots of transient w2 at a permeation time range (1–100 s or 400–600 s)
versus the external applied vacuum, for experiments conducted by silicone oil in
unidirectional fiber bundles with 60% volume fraction.
namic capillary pressure. For the only positive capillary pressure of
0.8 kPa, it corresponds with the minimum Ca in Table 3, less than
1.7 � 10�4, while most capillary pressures present to be minus for
Ca larger than this critical value. Similar features have already been
reported by Calvo et al. [19] for diphasic flow in glass capillary
tubes, where dynamic capillary pressure becomes negative at the
same magnitude of capillary number. Also, Weitz et al. [18] indi-
cated that dynamic capillary pressure changes sign at different va-
lue of capillary number for different porous medium. Therefore, we
can conclude that negative capillary pressures definitely present
the dynamic synergistic effect of interfacial force on velocity of
vacuum driving penetration in unidirectional fiber bundles, where
viscous and interfacial forces are the dominant flow regime.
3.2.2. Curvature of the penetration flow front corresponding to the
capillary effect

In order to illustrate the specific effect of capillary force in the
impregnation, meniscus of flow front was theoretically calculated
according to Laplace equation applied to uniform capillary tubes
equivalent to the experimental data. The pressure difference across
liquid–air interface at the flow front is as follows:

DP ¼ Pd
c ¼

2c
R
: ð11Þ

Hence, R, the radius of the sphere interface at the flow front can
be determined by rearranging Eq. (11),

R ¼ 2c
Pd

c

: ð12Þ

Assuming that porous unidirectional fiber bundle is a collection
of idealized uniform capillary tubes, the equivalent radius rc can be
calculated as a function of fiber volume fraction and fiber radius,

rc ¼ rf
1� Vf

Vf
ð13Þ

Based on the experimental extrapolated dynamic capillary pres-
sures in Table 2, protruding flow fronts for the vacuum driving
penetrations in unidirectional fiber bundles are illustrated sche-
matically in Fig. 8. It displays that curvature of the convex menis-
cus decreases with increasing fiber content (decreasing equivalent
radius rc) in vacuum driving infiltration. This tendency is very
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opposite to those capillary effects in compressed air driving
impregnation, whose concave meniscuses increase when fiber con-
tent increases, shown in Fig. 9.

In order to validate the theoretically inferred meniscus flow
front in fiber bundles, capillary flow in glass tube was visually
tested by using OCA20 Dataphysics Instrument, with the assistance
of vacuum and compressed air, respectively of about 1 kPa.

Glass tubes with three different inner diameters, 2 mm, 1 mm,
and 0.5 mm were employed. Fig. 10 displays convex meniscus flow
fronts for the vacuum driving flow, which agree well with the cal-
(a) (b)

Fig. 8. Schematic of the convex meniscus flow front of penetration driven by external
equivalent to unidirectional fiber assemblies with fiber volume fractions of: (a) 50%, (b)
silicone oil experiments.

rc=6.0 10-6 m rc=4.0 10-6 m

R=1.1 10-5 m
R=7.1 10-5 m

(a) (b)

Fig. 9. Schematic of the concave meniscus penetration flow front of penetration driven by
to unidirectional fiber assemblies with fiber volume fractions of: (a) 50%, (b) 60%, (c) 70
experiments.

Fig. 10. Experimental pictures of convex meniscus penetration flow fronts of silicone oil
of: (a) 2 mm, (b) 1 mm, and (c) 0.5 mm and the corresponding apparent contact angles
culated penetration flow fronts in unidirectional fiber bundles
(Fig. 8). Additionally, apparent contact angles were measured to
be 166�, 128� and 102� corresponding to the radius of glass tube,
2 mm, 1 mm, and 0.5 mm. This phenomenon verifies the relation-
ship between extrapolated dynamic capillary pressures with the fi-
ber content in fiber bundles penetration experiments. For the
compressed air driving capillary flow in glass tube, pictures of
the meniscus flow front are exhibited in Fig. 11. The variation trend
of the flow front with the diameter of capillary tube is consistent
with the penetration results in unidirectional fiber bundles, which
(c)

vacuum, which is illustrated in idealized uniform capillary tubes with the radius
60%, (c) 70%, respectively. The values were calculated by Pd

c , Eqs. (12) and (13) for

R=4.4 10-6 m

rc=2.6 10-6 m

(c)

external compressed air illustrating in idealized uniform capillary tubes equivalent
%, respectively. The values were calculated by Pd

c , Eqs. (12) and (13) for silicone oil

driven by about 1 kPa external vacuum in capillary glass tube with inner diameters
were measured to be 166�, 128� and 102�, respectively.



Fig. 11. Pictures of concave meniscus penetration flow fronts driven by about 1 kPa external air pressure in capillary glass tube with inner diameter of: (a) 2 mm, (b) 1 mm,
and (c) 0.5 mm, respectively, and the corresponding apparent contact angles were measured to be about 85�, 78� and 75�.
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are schematically illustrated in Fig. 9. Besides, it is found that
meniscus flow front is closely related with the interface velocity.

In conclusion, the flow front shapes tested in glass tube verified
the validity of the synergetic action of dynamic capillary pressure
on the penetration flow in fiber bundles, especially for the drag ef-
fect in vacuum driving cases, which is attributed to the variation of
chemical composition at the liquid–gas interface. In the vacuum
driving system, gasified silicone oil will exist to change the li-
quid–gas interface, while in the compressed air driving cases the
liquid–air interface will be exactly the same as normal.
3.2.3. Influence of fluid type on the dynamic capillary pressure of
vacuum driving penetration in fiber bundles

As for the drag effect of capillary pressure found in penetration
of silicone oil, one would wonder whether it is peculiar to silicone
oil or universal to other typical fluids used in processing measure-
ments of RTM, such as soybean oil, corn syrup, and epoxy resin.
Consequently, soybean oil, epoxy resin and glycerol were also em-
ployed to investigating the capillary effect on impregnating into
unidirectional fiber bundles with the volume fraction of 60%. The
w2-Pva

app diagrams of these three fluids were plotted in Fig. 12 to-
gether with silicone oil for contrast. And the extrapolated capillary
pressures were listed in Table 4, as well as the Ca and the infiltra-
tion velocity at liquid height of about 2.5 cm in fiber bundles. It can
Fig. 12. Plots of w2 as a function of the external applied vacuum pressures
according to Eq. (6), for different fluids permeating into unidirectional fiber bundles
with the fiber volume fraction of 60%.
be found that the capillary pressure for soybean oil was calculated
to be �3.4 kPa with negative signs, similar with silicone oil. How-
ever, capillary pressures for glycerol and epoxy resin came out to
be 6.2 kPa and 9.6 kPa, suggesting positive synergistic effect. As
proved by Section 3.2.1, these positive capillary pressures were
due to the capillary number, which fell behind a sort of critical va-
lue determined by the system and the flow velocity.

3.3. Effect of capillary pressure on the estimation of unsaturated
permeability of inner fiber tows

3.3.1. Theoretically-estimated capillary pressures according to
thermodynamic principles

Furthermore, in order to analyze the influence of capillary pres-
sure on the unsaturated permeability of fiber bundle, quasi-static
capillary pressure has been estimated based on thermodynamic
principles in equivalent idealized uniform capillary tubes. Advanc-
ing contact angle between single fiber and liquid was measured by
Wihelmy plate method to calculate the quasi-static capillary
pressure.

In the experiments, five fiber filaments were suspended in par-
allel onto a balance of tensionmeter DCAT21, and the liquid was
then raised to contact the filaments at a speed of 30 lm/s to detect
the wetting force, then advancing contact angle could be calculated
by [24]:

cos h ¼ F
cP

ð14Þ

where F is the wetting force measured by the balance, P is filament
perimeter which was measured by the metallographic picture of the
glass fiber bundle cross-section as shown in Fig. 13, and c and h are
surface tension of testing fluid and advancing contact angle,
respectively.

By combination with Eq. (13), quasi-static capillary pressure Ps
c

may be theoretically estimated using the Young–Laplace equation
[25], as follows:

Ps
c ¼

2FVf

rf Pð1� Vf Þ
ð15Þ

Since tested advancing contact angle of silicone oil to glass fiber
was 16.7�, the values of quasi-static capillary pressures Ps

c in equiv-
alent fiber bundles are calculated and listed in Table 2. It is found
that these theoretically estimated Ps

c s are all about the same mag-
nitude, but larger than the dynamic experimental extrapolated Pd

c

ones. Moreover, theoretically calculated quasi-static capillary pres-



Table 4
Extrapolated dynamic capillary pressures for different fluids permeated into fiber bundles (60% volume fraction) driven by external vacuum pressure of 40 kPa, the corresponding
velocity with infiltration height of 2.5 cm as well as the capillary numbers.

Fluids Silicone oil Soybean oil Epoxy resin Glycerol

Pd
c extrapolated from vacuum driving penetration/kPa �5.2 �3.4 9.6 6.2

Velocities at 2.5 cm infiltration height in fiber bundles/�10�5m/s 2.0 7.2 1.0 1.3
Capillary numbers corresponding to the velocity above/�10�4 2.3 1.7 1.5 1.0

Fig. 13. Metallographic picture of the cross-section in glass fiber bundles.
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sure increases with increasing fiber fractions, which is in agree-
ment with the extrapolated result from compressed air driving
penetration but opposite to that from vacuum driving infiltration.

3.3.2. Effect of capillary pressure on the estimation of unsaturated
permeabilities

Permeability expresses how easy it is for a liquid to penetrate a
porous medium, and it is a critical parameter for analyzing the re-
sin flow in RTM injection process. In the unsaturated penetration
cases, capillary pressure, Pc, presents a significant driving force
for resin impregnation and, therefore, should be taken into account
to optimize the RTM process. In order to investigate the influence
of capillary pressure on the value accuracy of axial unsaturated
permeability, experimental permeabilities of glass fiber bundles
were analyzed in this study. Firstly, the permeabilities determined
solely from external pressure driving penetrations were calculated
according to Eq. (5) by neglecting capillary pressure. Table 5 shows
the results of unidirectional glass fiber bundles with 60% fiber vol-
ume fraction. From the data we can find that the average perme-
ability resulted from compressed air driving experiment turns
out to be K = 0.96 � 10�12 m2, while the permeability from vacuum
Table 5
Calculated axial unsaturated permeability of unidirectional glass fiber bundles of 60% volu
Table 2.

External applied pressures/kPa

Permeabilities calculated from compressed air driving
penetrations/�10�12 m2

Neglecting Pc

Taking extrapolated P
consideration
Taking theoretically e
consideration

Permeabilities calculated from vacuum driving penetrations/
�10�12 m2

Neglecting Pc

Taking extrapolated P
consideration
driving infiltration exhibits a larger value as K = 1.31 � 10�12 m2.
This might be due to the fiber rearrangement happened in vacuum
assisted experiment, where the convex flow fronts expand the dis-
tance between individual fibers inside the tows.

For comparison, corrected permeabilities were also analyzed by
taking the capillary pressures into consideration, as given in Ta-
ble 5. It can be found that, for the compressed air driving penetra-
tions, the corrected permeabilities are all smaller than those
obtained by neglecting capillary force. On the contrary, for the vac-
uum driving penetrations, the corrected permeabilities are all big-
ger than those calculated by neglecting capillary action. These
apparent discrepancies demonstrate that longitudinal micro-flow
driven by capillary pressure in the unidirectional fiber bundle is
a critical term in determining the axial unsaturated permeability.

As an important material parameter, permeability is theoreti-
cally only dependent on the geometry of fiber bed, which was con-
sistent with the test results of permeabilities by different fluids. A
great deal of effort has been devoted to establish mathematical and
theoretical model to predict it. For regularly aligned fiber assembly,
axial permeability along the fibers can be expressed as Eq. (16)
according to the empirical Kozeny–Carman Equation [26,27]:

K ¼
r2

f

4k0

ð1� Vf Þ3

V2
f

ð16Þ

where k0 is Kozeny constant, a factor represents shape and the tor-
tuosity of the flow path, whose theoretical value is supposed to be
two for axial infiltration.

Average Kozeny constant of unidirectional fiber bundle was
analyzed in this paper, based on capillary pressure-corrected per-
meabilities from the longitudinal penetration experiments driven
by compressed air and vacuum, respectively. Fig. 14 shows plots
of the corrected permeabilities as a function of (1 � Vf)3/V2

f for
the penetration experiments conducted under 40 kPa external
pressure by Eq. (16). As can be seen, the data for the different
experiments fitted a good straight line in Fig. 14, where the Kozeny
constant of compressed air driving penetration was calculated as
k0 = 1.1, which was very close to the previous study by Batch
[20] (1.06 resulted from capillary impregnation experiment). On
the other hand, for the vacuum driving penetration, the Kozeny
me fraction, neglecting or taking consideration of the dynamic capillary pressures in

20 kPa 30 kPa 40 kPa 50 kPa 60 kPa Average
permeability

1.03 0.95 0.96 0.92 0.92 0.96

d
c into 0.87 0.85 0.88 0.85 0.86 0.86

stimated Ps
c into 0.68 0.71 0.77 0.76 0.78 0.74

1.16 1.31 1.26 1.39 1.42 1.31

d
c into 1.57 1.58 1.44 1.55 1.55 1.54



Fig. 14. Plots of axial unsaturated permeability of unidirectional fiber bundles
corrected by extrapolated dynamic capillary pressure Pd

c versus the (1 � Vf)3/V2
f

according to Eq. (16), for the penetration experiments conducted by silicone oil
under 40 kPa external pressures.
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constant was calculated to be 0.37, very similar to the value of 0.35
reported by Lam for the silicone oil penetrated in unidirectional fi-
ber beds [28], which was conducted under applied mechanical
pressure. The result displayed a much lower k0 in comparison with
the case for compressed air driving experiment, which further
demonstrated the influence of type of applied external pressure
on the geometry of fiber bundle.

4. Conclusions

A simple method was developed to investigate synergetic effect
of capillary action on the velocity of axial infiltration in unidirec-
tional fiber bundles with assistance of external pressures either
vacuum or compressed air. Dynamic capillary pressures can be cal-
culated by extrapolating w2–Papp plot to zero applied pressure.

It is found that the extrapolated dynamic capillary pressures are
all negative in vacuum driving permeation of silicone oil into fiber
bundles, indicating unique drag effects, which is inconsistent with
the results in compressed air driving experiments. Analysis of the
shape of the infiltration flow front demonstrates that the negative
values of capillary pressure definitely presents drag effect of inter-
facial force on the dynamic of vacuum driving penetration into uni-
directional fiber bundles. The mechanism behind this effect is
currently unknown and further work is required to elucidate it
fully. Moreover, the synergetic effects, either drag or promotive
force of capillary pressure are proved to have close relationship
with the capillary number of the penetration. This would be help-
ful to the analysis of mould filling and defects formation in vacuum
assisted resin transfer moulding process.

Meanwhile, both theoretically calculated quasi-static capillary
pressures according to Young–Laplace equation and extrapolated
dynamic capillary pressures from infiltration experiments are of
the same magnitude. Variation tendency of quasi-static capillary
pressure with fiber volume fraction agrees well with the extrapo-
lated dynamic results from compressed air driving penetration
but opposite to those from vacuum driving infiltration.

Besides, the unsaturated permeability can be precisely cor-
rected by the dynamic capillary pressure extrapolated from infil-
tration experiments. And Kozeny constants were determined as
1.1 for permeability of unidirectional fiber bundles from com-
pressed air driving infiltration, and 0.37 for the vacuum driving
cases, suggesting that type of the applied external pressure could
impact on geometry of the fiber assemblies. Moreover, permeabil-
ities from vacuum driving infiltrations were found to be bigger
than from compressed air tests.
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