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Experimental approach to evaluate the influence of characteristic
length on the dynamics of biphasic flow in vacuum impregnation
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HIGHLIGHTS

e The experimental device is a useful tool to investigate the dynamics of vacuum impregnation in porous media.
e Online evolution of the volumetric fraction impregnated at real time.

e We validate the device by comparing with offline balance and with the model for equilibrium.

e Dynamic impregnation is highly affected by the characteristic length, apart from viscosity.
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ABSTRACT

Vacuum impregnation (VI) is a process of fluid replacement in porous media by reduction in
atmospheric pressure and its subsequent reestablishment. The objective of this study was to evaluate
the influence of the characteristic length and viscosity of impregnating fluids on vacuum impregnation
dynamics. Refractory ceramic samples were used as a non-deformable porous media model, and a device
continuously recorded the changes in net force (difference between weight force and buoyant force) on
the sample through a load cell during the impregnation process. The relative values for the sample’s
volumetric fraction due to spontaneous imbibition, for the drained fraction due to vacuum application,
and for impregnation due to pressure reestablishment were estimated. The total volumetric fraction
estimated during VI by the experimental device was compared with the values estimated by a balance
and with those predicted by an equilibrium model. The experimental device was shown to be useful to
determine impregnation kinetics, it was accurate and obtained values very close to the ones estimated
by the balance and predicted by theoretical models. As expected, the kinetics was dependent on fluid
viscosity and on the sample’s characteristic length. The kinetics data allowed the minimum time step at
the VI process to be determined, enabling the optimization of the process applied to large media or in
viscous fluid impregnation.

1. Introduction

Many industrial and natural processes are multiphase fluid
flows into porous media such as in oil extraction, textile and food
processing, pharmaceutical industries, ceramics and building
materials, energy generation, and environmental phenomena.
These processes have been widely studied according to various
experimental and numerical approaches (Bejan, 1995; Laurindo
and Prat, 1996, 1998; Carciofi et al., 2011, 2012; Cai et al., 2012,
2014; Hannach et al., 2014, among others).
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Vacuum impregnation (VI) is a hydrodynamic method applied
to quickly change the porous medium composition, which, conse-
quently, intensifies the mass transfer in processes in which solid-
fluid operations are present by modifying the physical conditions
that control this transfer phenomenon. VI occurs in two main
steps: (1) vacuum step: Reduction of the chamber pressure where
a porous solid is immersed in a liquid; and (2) impregnation step:
Atmospheric pressure is reestablished and the impregnating fluid
penetrates the porous medium as a result of the global pressure
differences (Fito, 1994; Laurindo et al., 2007).

This method enables introducing dissolved or dispersed sub-
stances directly into the core of a solid porous structure, increasing
the mass transfer rate by reaching shorter diffusive paths after the
impregnation step. It can be a tool to prepare supported catalysts,
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reinforce materials and structures, and act in osmotic processes
and in food impregnation. The literature reports many examples of
VI applications: incorporating preservatives or additives into wood
and polymers, quickly changing fruit and meat composition,
improving oil extraction by liquid solvents, creating new material
properties and morphology, accelerating osmotic dehydration,
among others (Andrés, 1995; Martinez-Monzé et al., 1998;
Chiralt et al., 2001; Betoret et al., 2003; Mujica-Paz et al., 2003a,
2003b; Laurindo et al., 2007; Paes et al., 2007, 2008; Schmidt et al.,
2008; Carciofi et al., 2012; Khosrojerdi and Mortazavi, 2013; He
et al., 2013; Yang and Qi, 2013; Panarese et al., 2013; Erihemu et al.,
2014).

In the first step of VI, the porous medium is exposed to sub-
atmospheric pressure for a period of time sufficient to ensure that
the fluid flows out of the medium until the internal pressure
equalizes the external pressure and some of the liquid trapped in
the porous space can be removed. Subsequently, capillary forces
promote the natural imbibition of the impregnating liquid into the
pore space. In the second step, the atmospheric pressure is
reestablished and the external liquid flows into the solid matrix
pores as result of the macroscopic pressure gradient, compressing
the residual gas until equilibrium is reached (Fito et al., 1996;
Laurindo et al., 2007).

The fluid transport properties (viscosity, density), the capillary
forces (pore size, surface/interfacial tension, wetting), the porous
media characteristics (porosity, tortuosity, polarity, pore distribu-
tion, pore network), and the pressure gradients are important
parameters to determine the VI dynamics. Furthermore, the
macroscopic behavior of fluid intrusion depends on the character-
istic length of porous media, i.e., the farthest distance from the
surface to a closed region or to a symmetric point.

Fito (1994), Fito and Pastor (1994), and Fito et al. (1996)
proposed a mathematical model for VI processes in porous food.
It was called hydrodynamic mechanism (HDM) coupled with the
deformation-relaxation phenomena (DRP). In the HDM model, VI
was modeled as dependent on the food’s effective porosity (e
defined as the fraction of the food’s total volume occupied by gas)
and on the compression rate (r, defined as the ratio between the
sum of atmospheric and capillary pressures and the pressure
applied during the vacuum step). The HDM model allows evaluat-
ing the sample’s volumetric fraction impregnated by the external
solution due to macroscopic gradients of pressure and the action
of capillary forces.

The deformation-relaxation phenomenon (DRP) takes into
account the deformations of the porous food in both VI steps by
considering the food matrix as a viscoelastic material. Hence, the
volumetric fraction of a sample filled with the external solution
(X1) can be estimated by the coupled HDM-DRP model (Eq. (1)).
However, the relative sample deformation at the end of the first
step (y1), and the irreversible relative sample deformation (y)
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The HDM-DRP model is suitable to describe the final state
(equilibrium) and can be useful to estimate & Nevertheless, VI
kinetics cannot be described by this model, which does not take
into account any transport properties. Carciofi et al. (2011)
proposed a two-dimensional mathematical model based on the
VOF (Volume of Fluid) model to represent X; time dependence.
Carciofi et al. (2012) extended the model to three-dimensional
cases and it was compared to experimental VI data of apples.

Despite all these efforts, some macroscopic properties of fluid-
porous medium systems are not included in the previous
approaches. Thus, the goal of the present study was to propose
an experimental approach in order to evaluate the influence of
both characteristic length of a model porous medium and the
impregnating fluid’s viscosity on the vacuum impregnation
dynamics. All VI dynamics data were measured experimentally
by a dedicated, purpose-built device. Moreover, these data were
compared with the HDM model prediction and with data obtained
from a weighing balance.

2. Materials and methods
2.1. Porous media samples

A refractory ceramic block was chosen as a model porous
medium. It was cut into parallelepipeds using a diamond saw
(Buehler, Isomet 650, USA). In order to evaluate the influence of
the sample’s characteristic length on VI processes, some surfaces
of some samples were sealed using a thin epoxy resin layer
(Brascola, Araldite, Brazil), as sketched in Fig. 1. Sixteen samples,
identified from A to Q, were used, whose size, mass, and imperme-
able surfaces are presented in Table 1. The sample sizes (L, Ly, and
L,) were determined using a caliper (Mitutoyo Sul Americana,
Calibre Model, Brazil) and the dry mass (Ms) was determined using
an analytical balance (Shimadzu, AY220, Philippines). All determi-
nations were performed in triplicate, and the average values are
presented in Table 1. Sample volume (V,) was calculated by Eq. (2)
and apparent density (p,) was obtained from the M,V ratio.

Vo =LiL,L, 2

Mercury porosimetry (Micromeritics, Poresizer 9320 v2.05,
USA) was used to characterize the porous medium regarding the
distribution of pore sizes, surface area, and porosity. During
intrusion, the working pressure ranged from 0.0012 MPa to
201.1035 MPa. The retraction pressure applied ranged from
141.2017 MPa to 0.0992 MPa. This operating range led to pore
sizes from 1000 to 0.0062 pm. In order to obtain the cumulative

c
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Ly

Fig. 1. Sketch of the ceramic samples: (a) sample A with 5 impermeable faces and characteristic length close to 3 cm, (b) sample O with 5 impermeable faces and
characteristic length close to 7.5 cm, (c) sample Q with all faces open (no impermeable surfaces).



Table 1
Ceramic samples’ characteristics.

Sample code Edges (1072 m) M; (103 kg) V, (10-5m?) pa (10> kg m—3) Impermeable faces perpendicular to the axis
Ly Ly L, X y z
A 3.15 2.93 7.31 129.3526 67.5 1.92 2 2 1
B 3.19 2.88 7.35 128.3090 67.5 1.90 2 2 0
C 3.09 2.87 7.50 126.4586 66.5 1.90 1 2 0
D 3.07 3.10 7.34 133.8790 69.9 1.92 1 1 0
E 3.10 3.05 7.89 133.9746 74.6 1.80 1 0 0
F 2.76 3.07 7.86 120.9848 66.6 1.82 0 0 0
G 3.12 2.74 3.02 46.9465 25.8 1.82 0 0 0
H 3.16 2.96 2.94 50.5281 27.5 1.84 0 0 0
1 3.24 311 297 56.0339 299 1.87 0 0 0
] 3.02 3.03 3.06 50.5780 28.0 1.81 1 0 0
L 3.11 3.38 3.07 56.0576 323 1.74 1 1 0
M 3.28 3.05 3.00 51.5280 30.0 1.72 1 1 1
N 3.29 3.18 3.02 55.4428 31.6 1.75 2 2 0
(0] 3.28 3.23 3.05 56.0250 323 1.73 2 2 1
P 3.22 2.85 313 51.1940 28.7 1.78 2 2 1
Q 3.00 275 8.92 139.1803 73.6 1.89 0 0 0
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Fig. 2. Schematics of the experimental device used to investigate the vacuum impregnation process kinetics, showing details of the forces acting on the system formed by
the rigid rod and the perforated box containing the samples (adapted from Carciofi et al. (2012)).

distribution of pore volume as a function of pore radii (R.),
Laplace’s equation (Eq. (3)) was used.
206 cos @

e 3

in which P. is the capillary pressure to be reached, ¢ is the
surface tension of the impregnating fluid, and @ is the contact
angle of the mercury over the solid matrix, inside the pore. It can
be considered that =048 Nm~! and 6=2.44rad (Merouani,
1987 apud Mendes, 1997).

2.2. Experimental setup

Sample mass as a time function during the degasification and
impregnation steps was measured by a device specially built for
this end. It was based on the apparatus proposed by Fito et al.
(1996) and by Laurindo et al. (2007). A schematic representation of
this device is shown in Fig. 2. It consists of a 50 L vacuum chamber,
a vacuum pump (VEB, Model AD230, Germany), and a digital
vacuum meter (Motorola, Freescale Semiconductor—MPX2102AP,
EUA) for online pressure monitoring. Inside the chamber, a single-
point load cell (Alfa Instrumentos, Model GL1, Brazil) with nominal

capacity of 1 kg and readability of 0.1 g was sustained by a metallic
support. A perforated stainless steel cylindrical box was connected
to the load cell by a rigid rod with threaded ends. This system was
placed into the vacuum chamber to maintain the sample
immersed in the solution. An electronic interface (Alfa Instrumen-
tos, Model 3102, Brazil) connected the load cell to a computer,
allowing the net force variations during the experiments to be
recorded online. The force measured by the load cell is the net
force, which depends on the mass (weight force) and volume
(buoyant force) variations of the system (Fig. 2). The device
recorded the changes in net force (F,) over time during the
whole vacuum impregnation process, as shown in Eq. (4).

Fnet
g

=Ma+Mp)—p1(Va+Vh) “

in which g is the acceleration due to gravity, p; is the density of the
impregnating solution, M, is the mass of the sample at a given
instant, M}, is the mass of the rigid rod and perforated box, V, is the
volume of the sample at a given moment, and V}, is the volume of
the rigid rod and perforated box immersed in the impregnating
solution.

The density of the impregnating solution, along with the mass
and the volume of the metallic container, are assumed as constant



during the VI process. Hence, the changes in net force during the
VI process are due to changes in sample volume, as a consequence
of deformation-relaxation phenomena, and in sample mass due to
the external solution penetration or native solution drainage. Both
Vo, and M, are time-dependent variables. In the VI process,
volumetric expansions and native solution loss during vacuum
application decrease the net force. On the other hand, both sample
impregnation and possible sample shrinking after the atmospheric
pressure reestablishment increase the sample’s weight. However,
in this study, the refractory ceramic sample does not deform under
vacuum conditions, thus the resulting force evolution measured by
the load cell directly represents the sample’s mass loss (degasifi-
cation step) or mass gain (impregnation step). In this case, the only
time-dependent variable (Eq. (4)) is the sample’s mass, M,.

The experimental device also allows controlling the vacuum
curves, i.e., the evacuation rate (first step) and the rate of atmo-
spheric pressure recovery (second step), by means of two solenoid
valves (Ascoval, model TLP 584127, Brazil). One valve was installed
in the suction line, between the vacuum pump and the vacuum
chamber (on-off operation) and the other, operating by pulse-
width modulation (PWM), was used to allow air to enter the
vacuum chamber to help control the pressure.

2.3. Vacuum impregnation experiments

Distilled water was used as the impregnating fluid for samples
A to P and analytical grade glycerol was used for samples F to [ and
Q, both fluids kept at 25 °C. The physical properties (density, pj,
dynamic viscosity, u, and surface tension, ¢) of both fluids are
given in Table 2. The choice of fluids aimed to investigate the
influence of their viscosities on the dynamics of VI processes,
because, at 25 °C, glycerol viscosity is about 1000 times higher
than water viscosity. Prior to vacuum impregnation experiments,
previously dried samples were submitted to spontaneous imbibi-
tion by submerging them in a vessel with the impregnating
solution for 24 h.

For the vacuum impregnation process, the ceramic samples
were placed in the perforated stainless steel cylindrical box and
submerged into the impregnating liquid inside the vacuum cham-
ber, initially at atmospheric pressure (Fig. 2). Vacuum pressure
(P1=46.7 kPa) was applied for 240 s (45 s for reducing the pres-
sure from Py, to Py, i.e., reduction of approximately 54% of Pyn),
and 420s for reestablishing atmospheric pressure (P,), which
characterized one VI cycle. Each sample was subjected to ten VI
cycles. Aiming to correct the effects of vacuum on the load cell,
some tests were performed with the perforated cylinder without
samples, submerged in the impregnating solution.

2.4. Experimental determination of mass exchanges

The weights of the ceramic samples were determined with a
semi-analytical balance (Tecnal Line 6k, Brazil), before (M) and
after (Mgy,) each vacuum impregnation experiment, as well as
the mass of dry samples (M), i.e., before the spontaneous
imbibition. The relative mass gain during vacuum impregnation
(GB) (Eq. (5)) and the relative mass gain due to spontaneous
imbibition (GB.p) (Eq. (6)) were both determined in relation to
M,gs. The relative total weight gain (GBy) was determined by

Table 2
Physical properties of distilled water and glycerol at 25 °C (Lide, 2004).

Fluid pr (kgm~3) u (mPas) s(mNm~1)
Water 997.05 0.890 72.0
Glycerol 1257.8 934.0 62.5

summing GB and GB,, (Eq. (7)).

My —Mgo
GB=—%_"9 5
M )

Mgo—M,
GBeb=”°TS“S 6)

a.

Mgz —Mas
GBr=—9% "4 7
T Mo 7

The relative gain of total weight (in relation to initial mass, M)
during the vacuum impregnation (GC) process was calculated from
the values recorded by the load cell at the beginning (Fe0/g) and
at the end of the process (Fper2/g), as given by Eq. (8). The mass
gains in step 1 (vacuum step—GC;) and in step 2 (impregnation
step—GC,) were determined by the load cell, and the relative mass
gains were calculated with Eqgs. (9) and (10), respectively.

Freta—F
GC = net2 net0 8
gMaO ( )

Fnetl _FnetO
GCH=———"" 9
! gMaO ( )

Frera —F

GCy = net2 netl 10
2= oM (10)

The mass of fluid drained from the sample during the first stage
(My), due to the expansion of the gases contained in the porous
space, was defined by Eq. (11).

Mg = Mg —Ma an

where M, is the sample weight at the end of step 1.

The value GC; is proportional to the drained mass as a result of
vacuum application in step 1. Thus, for a non-deformable sample,
the mass of fluid drained during vacuum application was esti-
mated by Eq. (12), while the volumetric fraction of liquid drained
due to vacuum application (Xp) was calculated by Eq. (13).

Mg = GC1Mgo (12)
My

Xp = 13

b VaPL 13

The volumetric fraction of the sample impregnated as a result
of spontaneous imbibition was determined by Eq. (14).

XLeb = (14)

From the value of X;.,, a representative value of P, could be
estimated by Eq. (15). The estimated value of P. is a way of
representing the matric potential of the porous medium.

—_ b p, (15)

The volumetric fraction of the sample impregnated at the end
of the whole process (X), as determined by experimental data
measured by the balance, is given by Eq. (16).
GBrMgs

Vapr

Xk = (16)
From the dynamic values registered by the load cell, the
fraction of the sample impregnated in step 2 (X5), which is
promoted by the overall gradients of pressure created by the
reestablishment of atmospheric pressure, is given by Eq. (17).
GCoMgo

C _
Xp= Vapy a7




The volumetric fraction of the impregnated sample, deter-
mined from the load cell data (X{), is calculated with Eq. (18).

XE = Xpep +Xp+X5 (18)

where X, is the contribution of the fraction impregnated by
spontaneous imbibition, Xp represents the fraction of fluid drained
during vacuum application, and X, is the fraction impregnated
during the second step of the VI process.

In this study, the VI experiments were performed with the
ceramic samples previously submitted to spontaneous imbibition.
Thus, the effective porosity could be corrected by discounting the
volume of air replaced by the liquid and defining a corrected
effective porosity, €5, given by Eq. (19). Thus, X} is the volumetric
fraction calculated using &3, neglecting the value of P.. The effects
of P. were considered by discounting the volume filled during
spontaneous imbibition (as a result of the porous medium matric
potential) from e.. Therefore, the equilibrium situation, adapted
from the HDM, is given by Eq. (20).

e5 =ee—Xeh (19)
XF=et (1 1@) (20)
2

3. Results and discussion

The pore size distribution in the samples from mercury
porosimetry analyses is shown in Fig. 3. Hysteresis phenomenon
between intrusion and extrusion was observed, mainly for pore
diameters greater than 0.100 pm. This difference is explained by
the presence of narrows at the entrance of large pores, where
mercury penetration depends on the narrow’s radius, as given by
Laplace’s equation. For pore sizes of approximately 10.000 pm, the
volume of mercury in the sample during extrusion was twice the
volume accumulated during intrusion. These results indicate that
the ceramic sample has most of its volume formed by pores with
diameters greater than 10.000 um and that about half of this
volume is related to pores with a constriction. The estimated
porosity was 0.244.

Representative experimental results of ceramic pieces (sample
H) subjected to VI process are shown in Fig. 4. It presents the
resultant force (measured by the load cell) on the perforated

cylinder containing the sample and the total pressure inside the
vacuum chamber.

The mass changes of the samples during VI experiments are
presented in Tables 3 and 4. The average values and the variation
coefficient (VC [%]=100 x standard deviation/mean value) of Xy,
P, Xp, X5, XE, and X8 were calculated from ten repetitions, while
the values of X; (Eq. (1)) and X} (Eq. (20)) were estimated by the
HDM. The values of X; were calculated with values of P; and P,
determined experimentally, average values of P. were estimated
(Eq. (15)) for each sample-impregnating solution set, while the
effective porosity of the dry sample was determined by mercury
intrusion (e,=0.244). Data presented in Tables 3 and 4 were
analyzed by Tukey’s test using a 95% confidence level.

The values of X;.p, P, Xp, and X5, showed no relationship with
the number of open and closed sides, or with the sample size. The
VC values on X;.;, are considered low because only three out of 20
sample-impregnating solution sets had VC above 5% and none was
higher than 10%. Although the samples were obtained from a
single ceramic block, some of the 20 estimated values of P, were
different, i.e., ten samples had VC values lower than 5%, while for
five samples this coefficient was higher than 10%.

As the values of M, were close to the accuracy of the load cell,
the values determined for Xp had high VC values and many of
them had no significant differences. It was observed that the
highest values of X, were found for samples with smaller dimen-
sions and fully open (G, H, and I) when soaked in water. Moreover,
for these same three samples, Xp was significantly lower for
immersion in glycerol than the value obtained for immersion in
water. The high viscosity of glycerol (more than 1000 times higher
if compared to water) may explain the greater difficulty in
drainage. The high viscosity of glycerol may also explain the
difference between the values of X;., found for the same sample
immersed in different fluids, because an amount of glycerol
greater than water was adhered to sample’s surface when the
weights were determined.

Despite having very different viscosities, glycerol and water are
polar molecules able to form hydrogen bonds, are mutually
miscible, and have similar density values (Table 2). Therefore,
similar values can be expected for @ of both fluids at the same
surface. If the surface tension values are close (Table 2), one could
suppose that the values of P, and also of X;.;, should be similar for
the same sample immersed in either water or glycerol. The contact
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Fig. 3. Mercury porosimetry results of the ceramic samples.
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Fig. 4. Time evolution of the resultant force on the system formed by the perforated box and the rigid rod, and of the total pressure inside the vacuum chamber during VI of

sample H immersed in water.

Table 3
VI parameters Xep, P, Xp, and X5, average values, and variation coefficients (VC).
Sample Impregnating fluid Xieb P. (kPa) Xp X5
Mean VC (%) Mean VC (%) Mean VC (%) Mean VC (%)

A Water 0.130% 278 117¢F 6.05 0.0248¢4e 21.0 0.0609¢ 6.50
B Water 0.117¢ 3.81 95.5% 7.76 0.0286" 17.7 0.06234 6.46
C Water 0.153™ 0.87 171 2.20 0.0356%"¢ 10.2 0.0603¢ 3.36
D Water 0.120%4 1.94 100°¢ 438 0.0310%<d 13.4 0.0602¢ 5.26
E Water 0.126°° 1.70 1109 3.73 0.03337Pcd 20.4 0.0630¢ 10.2
F Water 0.143Mi 1.55 14680 4.48 0.0297°< 409 0.05343>¢ 22.0
F Glycerol 0.148" 3.88 158" 10.5 0.02044% 25.8 0.04912 12.2
G Water 0.1368" 1.80 130% 4.25 0.0412%° 32.7 0.0389%"¢ 19.8
G Glycerol 0.146" 4.07 1538hi 10.6 0.01814¢ 354 0.0502%" 13.7
H Water 0.105" 5.55 77.22° 8.95 0.0455% 18.9 0.0575%%¢ 14.4
H Glycerol 0.160™ 419 195 121 0.0243¢de 35.7 0.03642b< 125
I Water 0.094° 5.46 63.7% 9.60 0.0410%° 41.7 0.0425%¢ 33.2
I Glycerol 0.1259%f 8.31 1099 17.2 0.0198% 35.6 0.0562° 20.5
] Water 0.141M 2.57 14280 6.58 0.03212bcd 36.3 0.05852>¢ 215
L Water 0.118% 1.97 95.9% 3.98 0.0299P< 34.8 0.0489%"¢ 19.9
M Water 0.118%¢ 1.59 96.2¢¢ 214 0.0233¢de 28.2 0.05523>¢ 12.8
N Water 0.103° 210 75.8%P 3.39 0.01864% 255 0.03892b<d 7.53
0 Water 0.115¢ 224 91.4°¢ 4.41 0.0146° 331 0.0552? 9.29
P Water 0.119%¢ 1.95 98.2d 3.69 0.02094¢ 24.2 0.0565%¢ 6.26
Q Glycerol 0.150" 4.88 166" 134 0.0186¢% 19.4 0.0436%° 3.55

The same lowercase letter in the same column means that there are no significant differences between the values at 95% confidence level by Tukey’s test.

angle of glycerol on glass was calculated and determined experi-
mentally by Njobuenwu et al. (2007), who reported values of 28.5°
and 24.78°, respectively. These values are of the same order of the
value reported by Mohammadi and Amirfazli (2005), 27°. As
expected, no significant differences in the values of P. and X
were observed for impregnation with water and glycerol for
samples F and G. However, for samples H and I, P. and X;., were
significantly higher when glycerol was the impregnating fluid.
The values of total volumetric fraction impregnated by the
liquid at the end of the VI process are given in Table 4. Parameters
Xt and X? were significantly different in 14 of 20 sample-
impregnating fluid sets, but the percentage difference between
these values did not exceed 10% in any of the sets evaluated. All
values of X; estimated by the HDM were outside the confidence
interval of the values determined experimentally for all sets.
However, the corrected X7, also determined by the HDM, matched
at least one of the values (X{ or X£) in 15 of the 20 sets evaluated.

Comparing the samples impregnated with water or glycerol, no
significant differences were observed between the values of X{ for
sample F and between the values of X? for samples F and G. The
values of X{ for samples G, H, and I and the values of X for
samples H and I showed significant differences. Besides, all
parameters were higher when glycerol was used as the impreg-
nating fluid. This behavior is directly related to the values obtained
for parameters Xp and X;.p (Table 3), which may be due to the high
viscosity of glycerol, as previously discussed.

The calculations of X{ and X? were reproductive, and the VC
values for the former were lower than 5.0% in 18 of 20 sample-
impregnating fluid sets, remaining always below 10.0%. The para-
meter X? showed variation coefficient values lower than 3.0% in 19
of 20 samples, confirming the accuracy of the experimental
determinations. Mean temporal evolution values of the samples’
impregnated volumetric fraction during the second step of the VI
process (Xf) are shown in Fig. 5 for samples with approximate



Table 4

Parameters Xf and Xf (average values and variation coefficients, VC), X; estimated by the HDM (Eq. (1)) and Xj estimated by Eq. (20).

Sample Impregnating fluid X§ XP X, &k Xi
Mean VC (%) Mean VC (%)

A Water 0.166"4 1.95 0.167A% 0.99 0.192° 0.114 0.166"
B Water 0.151A%0 2.33 0.156"¢ 1.48 0.186¢ 0.127 0.156"8
C Water 0.177A3> 2.03 0.183% 0.71 0.202¢ 0.091 0.166°
D Water 0.1497%h 1.42 0.1558¢ 1.04 0.187¢ 0.124 0.155%
E Water 0.156%¢f 2.02 0.163%° 1.06 0.190¢ 0.118 0.156"
F Water 0.167A<d 1.76 0.1758N 129 0.198°¢ 0.101 0.167%
F Glycerol 0.166"4 3.21 0.171ABeh 2.32 0.200¢ 0.096 0.179®
G Water 0.152A% 261 0.166% 0.97 0.194¢ 0.108 0.153%
G Glycerol 0.168Ab<d 4,08 0.167AB& 2.09 0.199¢ 0.098 0.180°
H Water 0.118% 410 01318 1.47 0.180¢ 0.139 0.1348
H Glycerol 0.184" 3.64 0.184M 0.34 0.205° 0.084 0.180"
I Water 0.108A™ 539 0.117% 217 0.174¢ 0.150 0.133°
I Glycerol 0.144%ehi 8.42 0.14878d 7.36 0.189¢ 0.119 0.169°
] Water 0.1647d¢ 3.02 0.1738h 119 0.197¢ 0.103 0.164%
L Water 0.1447ehi 1.94 0.1528d¢ 1.28 0.186¢ 0.126 0.155°
M Water 014470 2.06 0.1538de 0.78 0.186¢ 0.126 0.162P
N Water 0.135% 2.23 0.141%¢ 0.87 0.180°¢ 0.141 0.160°
0 Water 0.136M0 1.64 0.1428¢ 0.97 0.185¢ 0.129 0.169°
P Water 0.1544 211 0.1628° 0.38 0.187¢ 0.125 0.165°
Q Glycerol 0.1757ab¢ 3.73 0.18070 2.72 0.2018 0.094 0.182%

The same lowercase letter in the same column and the same uppercase letter in the same row mean that there are no significant differences between the values at 95%

confidence level by Tukey’s test.
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Fig. 5. Time variation of the volumetric fraction of the sample impregnated by liquid during step 2 of the VI process. Comparison of results obtained for samples A, B, C, D,

E, and F.

dimensions of 3.0 x 3.0 x 7.5 cm (Ly x L, x L,). It can be observed
that the values of Xf; for sample A (all faces L, x L, and one face
Ly x L, are impermeable) showed an inferior slope when compared
with the results obtained for sample B (all faces L, xL, are
impermeable). For the second sample, the X5, slope decreased
when compared with values obtained for samples C, D, E, and F
(both smaller faces and one, two, three, or four bigger faces are
permeable), which have very similar temporal variations of X5,
As the samples have approximately the same dimensions, the
number of faces covered by the epoxy resin defines the character-
istic length for the fluid flow. Samples A and B were impregnated
at a slower rate because they have regions in which the shortest
length from the surface (characteristic length) is L, and L,/2
(L,~7.5 cm), respectively, besides the fluid flow in both samples
being one-dimensional. Comparing the other four samples, C, D, E,
and F, their characteristic lengths are L,, L., Ly/2, and L,/2

(Ly~3.0cm), respectively, combined with bi- or three-
dimensional fluid flow.

The VI dynamics of the porous samples with water shown in
Fig. 6 compares the process for samples A and P. Both have five of
the six sides sealed by resin, but the characteristic length for fluid
flow is greater for sample A (7.31 cm against 3.13 cm for sample P),
leading to a smaller slope of the curve X5, vs. t, i.e., a slower
impregnation rate. Fig. 7 presents a comparison of VI dynamics of
samples without sealing resin, i.e., with all faces available for the
VI process (samples F, G, H, and I). Although sample F has greater
dimension than the other samples, the characteristic length for
fluid flow is the same for all samples. Moreover, as the fluid flow is
three-dimensional, the impregnation rate is about the same for all
these samples. These results suggested that, during the impreg-
nation step, the fluid invades samples through preferential ways. If

the number of permeable faces increases, pore interconnectivity
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Fig. 7. Time variation of the volumetric fraction of the sample impregnated by liquid during step 2 the of VI process. Comparison of results obtained for samples F, G, H, and I.

also increases, which accelerates the invasion of the impregnating
fluid during the impregnation step. This phenomenon has been
reported by researchers who investigated the drainage of wetting
fluids in porous media by the injection of fluids (Laurindo and Prat,
1996, 1998).

The time for Xf,; to achieve values close to equilibrium for
sample A was 50% higher when compared with the results
observed for sample P. These results allow evaluating the minimal
process time for the VI of larger samples or when high-viscosity
fluids are used.

4. Conclusions

The experimental device used to evaluate the VI dynamics of
porous media showed to be a useful tool to capture real time
sample’s changes. Final volumetric fraction of the sample impreg-
nated with liquid determined by the load cell has good accuracy,

as proved by the comparison with the offline values determined
with the balance. Furthermore, this approach provides the tem-
poral evolution of the volumetric fraction of the sample impreg-
nated and can be used to determine the minimum time of
immersion, thus helping the experimental optimization of the VI
process with fluids with different viscosities and samples with
different characteristic lengths, mainly for irregular or non-
classical geometries and highly anisotropic materials.

Glycerol presented the lowest impregnation rate in spite of the
slightly higher capillary pressure when compared to water. How-
ever, the impregnated volumetric fraction predicted by the model
and measured showed significant difference between both fluids
for samples with similar characteristic length at the three direc-
tions, indicating gas entrapping into the sample. On the other
hand, drainage measurement was not accurate enough for the
glycerol due to its high viscosity and, consequently, equilibrium
values found by load cell can be overestimated for this fluid. In
addition, characteristic length showed minor role on the final



impregnated fraction and main role on the dynamics. It is reason-
able to expect a pressure gradient on the fluid flowing into the
sample, resulting in weaker forces to push and drive out the gas
present, which will remain entrapped.
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