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INTRODUCTION

The oxidation of wine during storage in oak barrels is a well-known fact and 1s recognized
as an important process in wine aging. Work by Vivas et al. [1] and work recently published
by our team [2,3] support the idea that oxygen transmission to wine occurs not only through
gaps between the oak pieces of a barrel, but it also permeates the oak wood, which remains
permeable to oxygen even after several months in contact with wine. The oxygen
transmission rate (OTR) to the wine has been measured as a dynamic rate for one year [4].
Because of the contact time between the wine and wood, the moisture content (MC) of the
oak wood increases and, more specifically, the presence of free water in the wood correlates
well with the decrease of the OTR over time.

In previous work from our research group, we confirmed that variations in the OTRs of the
wood staves of wine barrels in contact with liquid significantly affect the transmission of
atmospheric oxygen to the liquid inside the barrel (del Alamo-Sanza and Nevares 2014).
According to the work of Feuillat (Feuillat 1996) and Ruiz de Adana (S. M. Ruiz de Adana
2002), the impregnation front of a stave in equilibrium is 4-5 mm thick. Therefore, the rest
of the wood does not reach the FSP but rather exhibits varying water content in a hygroscopic
form. The saturated part of the inner face of the stave in contact with the liquid, which
includes the wood affected by the toasting process, contains water in the free form.

Fick’s first law can be considered as a specific (simplified) form of the second law when
applied to a steady state, where the concentration remains constant.

- _ _dc(x)
J=-D-%£2 (1)

Here, / is the "diffusion flux," which measures the amount of a substance that will flow
through a small area during a small time interval (mol-m*s™); Dis the diffusion coefficient
or diffusivity (m*s™); cis the concentration in the direction of the flux (mol'm™); and dxis
position (m).

The diffusion of a gas through a membrane whose properties change with thickness 1s a
special case of diffusion resembling that through a membrane composed of layers with
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differing thicknesses and diffusion coefficients. The mathematical treatment of the non-
stationary state is complicated, but if the permeable gas is considered stable, the case can be
treated more easily. Let n films with thicknesses x;, x2, ..., x» with their corresponding
coefficients of diffusion D;, D>, ..., Dn be considered as a multilayer membrane. Under these
conditions, for a multi-layered system with » layers, a series-resistance model (SRIM; often
called the ideal laminate theory) is often used to produce the following steady-state flux
equation (Equation 2) (Graff et al. 2004). This approximation has been previously used for
wood by other authors (Huang et al. 1977). Since, in steady state, the flow ./ of a substance
that diffuses 7 is the same through each individual component of the laminate, the following
expression is obtained for the concentration gradient (Piringer and Baner 2000):

Ac=ﬂ+]'ﬁ+”+]'ﬂ=].(ﬁ+ﬁ+”+x_") (2)
Dy D, Dy D, Dy Dn

with the resistance R = xz / D;, etc.

The total resistance related to diffusion is then the sum of the individual resistances, and the
total flux 1s practically determined by the layer with the smallest diffusion coefficient
(Piringer and Baner 2000). In our case, the thickness of a wood stave can be approximated
as a multilayer system whose layers are differentiated by water content.

Acl Ac2 Ac3 Acn
Dy Do, D3 Dn
Here, the subscripts 1, 2, . . ., n denote the layer number, with 1 being the downstream inlet

side of the stave and n the upstream outlet side. To understand permeation through a
multilayer stack, it is necessary to know the diffusion coefficient or diffusivity of each
constituent layer, which in this case depends on the water/air oxygen diffusivity. Moreover,
according to this approximation, the limiting layer of a stave is equivalent to that of wood
flooded with water, for which the diffusivity is in the same order of magnitude that of oxygen
in water; this diffusivity is much lower than oxygen diffusivity in air. Because the remaining
wood layers do not reach the FSP and the water is in the hygroscopic form, the OTR depends
on the oxygen solubility in the air. Therefore, the OTR will reach its minimum value when
the impregnation front reaches a maximum (Hicks and Harmon 2002), which, according to
the work of Feuillat (Feuillat 1996), will occur 82 days after the filling of the barrel, when
the front will exhibit a 4-5 mm thickness (S. M. Ruiz de Adana 2002).

These results reveal the importance of the level of wood impregnation to the OTR. It was
deemed appropriate to use a system approximating a barrel scenario (liquid-wood-air). This
setup (Del Alamo and Nevares 2012) was therefore used in this work to evaluate the OTR in
barrels. In the work of Vivas ef al. (Vivas et al. 2003), a gas-wood-gas system was used
according to the guidelines established for assays of membrane permeability. This setup did
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not reproduce the actual situation of staves in a barrel, as the impregnation effect was not
considered.

Image analysis techniques for the determination of dissolved oxygen have been employed in
different formats by using sensitive luminescent dyes (Mehta et al. 2007; Sud et al. 2006),
sensor beads (Ungerbock et al. 2013) or sensor layers (Nevares et al. 2014). In addition,
different reading systems have been used in imaging configurations applied to biological
material. Intensity imaging can be implemented easily, but it has the disadvantage of
undesirable signal variations due to defects in the optical system, such as heterogeneity in
the light source, non-homogeneous sensitivity in the detection system or a non-homogeneous
distribution of fluorescent sensors in the detection matrix. These problems limit the accuracy
of the oxygen images obtained (Ungerbock et al. 2013; Ungerbock et al. 2010). Fluorescence
lifetime imaging, on the other hand, gives very accurate results but requires expensive and
specialized instrumentation, thus limiting its application (Liebsch et al. 2000). This work,
therefore, implements 2-wavelength ratiometric imaging to combine low cost with the use of
readily available high-resolution equipment. A color CCD camera measures the intensity of
the 2 different wavelengths of light emitted from the sensor by using different color channels
of the camera. Image intensity that is sensitive to oxygen is provided by one channel, while
the other provides a reference image. By calculating the relationship between these images
(red image/green image), a ratiometric image 1s obtained that is independent of the
inhomogeneities listed above.

The objective of this study was to apply ratiometric oxygen imaging to a stave of a wine
barrel. This technology has been used 1n a trial, under conditions resembling those of the
wood composing a barrel full of wine, to explore the variation in oxygen concentration inside
the stave and thus corroborate the established hypothesis. In this hypothesis, the advance of
free water in the wood stave in a direction that is opposite to the flow of oxygen entry is
responsible for the decrease in oxygen diffusivity (Nevares et al. 2014). It can thus explain
the decrease in the OTR of barrel wood when the wine 1s aged.

1) MATERIALS AND METHODS

The need to know the distribution of MC in combination with the OTR and the variation in
oxygen concentration inside a stave, across the entire thickness of the stave and at different
times during wine aging, has made the application of 3 very different techniques essential.
As one is destructive, 3 simultaneous assays have been developed.

Studied wood

A stave extracted from a barrel made with medium roast French oak (Quercus petraea) from
the Center forests was used. A homogeneous stave with a uniform distribution of rings both
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in its form and width was chosen to minimize the variability in the actual morphological
structure of the natural material. From the selected stave, test specimens (Figure 1) measuring
40 mm 1n diameter by 29 mm in thickness were extracted.

—~>Figure 1:

Wood for measurement of OTR and the moisture profile of the stave. Measurement of OTR
was performed in conditions resembling those of a stave in a barrel full of liquid and at
different times of the aging process (0, 6, 13, 20, 63, 88 and 125 days), following the protocol
described in a previous study (Nevares and del Alamo-Sanza 2015). The different specimens
were conditioned in contact with a sterilized model wine (14% v/v EtOH, pH 3.5) under
hydrostatic pressure conditions resembling those of a stave halfway up the barrel, and they

thus reached states of wood moisture that were characteristic of each test period. Once the
OTR trial was conducted, the piece of wood was laminated to determine the distribution of
moisture throughout the entire thickness of the stave. It is important to note that the OTR-
moisture measurements were taken on different samples, as they are destroyed during each
measurement; however, as we used contiguous samples from the same homogeneous stave,
the samples are assumed to have very similar properties.

Wood for image analysis. A piece of wood contiguous to those used in the OTR measurement

was extracted and placed in a device developed 1n a previous study (Nevares et al. 2014) to
evaluate the level of dissolved oxygen (DO) inside the stave during the aging of red wine.
We used red wine that was obtained from the Tempranillo variety and had a pH of 3.39, total
acidity 4.5 ¢ L'!, volatile acidity 0.52 ¢ 1! and an alcohol content of 13.81% (v/v). The use
of wine is particularly relevant, as the rapid consumption of oxygen by the wine ensures a
DO concentration gradient (driving force of oxygen entry by diffusion) that is essential for
evaluation of the DO distribution inside the stave.

Measurement of moisture distribution in the thickness of the stave

The moisture gradient in the wood 1s not easy to measure nondestructively, as moisture is
associated with many other properties of wood, such as density and temperature (Gu and
Zink-Sharp 1999). The most common method for measuring the moisture gradient of wood
1s the band saw-based laminate technique described elsewhere (Mcmillen 1955). However,
besides being destructive, this traditional technique generates errors from moisture loss that
occurs when cutting each sheet (especially when the temperature is high), from incorrect
weighing caused by the sensitivity of the thin layers of wood to low humidity, or from loss
of wood in the teeth of the saw that cuts each sheet. When the laminate is made with a blade,
it has a reduced effect on the moisture content of the sheets that are produced (Gorvud and
Arganbrigh 1980). This study used a device that was developed based on a commercial
horizontal wood slicer to laminate each wood specimen into sheets with thicknesses between
0.5 mm and 2 mm. Subsequently, the moisture content of each sheet was determined using
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the dry weight method (ASTM 2009). A well-performed measurement allows for an
uncertainty between 0.3% and 1.4% (Rosenkilde 2002).

Measurement of DO inside the wood

To determine the level of DO inside the stave, we used a device that was developed and used
in a previous study (Nevares et al. 2014). The system basically consists of a container with a
transparent side, in which a planar photoluminescent sensor and a piece of stave are fixed in
such a way that a cross section of a stave in a full barrel is reproduced. Thus, the wood is in
contact with air on one side and with wine on the other side. The container has a system that
reproduces the normal pressure inside a barrel (Peterson 1976).

We used ratiometric imaging that employed the red and the green channels of a color CCD
camera as shown by Ungerbock et al. 2010 and Larsen et al. 2011. We used an alternative
indicator dye (Pd-porphyrin) to achieve trace oxygen concentration measurement. The
spectral properties are virtually the same. The oxygen-sensitive emission of sensor foils was
detected in the red channel, while the emission of a reference dye was detected in the green
channel. This measurement setup allowed for accurate, real-time 2-dimensional (2D) oxygen
imaging with superior quality compared to intensity imaging.

Sensor _foils were prepared with a sensor cocktail for O> measurements. Melinex 506
(thickness 125 um) was used as a substrate for the sensor foils. A sensor cocktail containing
palladium(II)-5,10,15,20-tetrakis-(2,3.4,5,6-pentafluorphenyl)-porphyrin  (PdTPFPP, 3.6
mg), Macrolex Fluorescence Yellow (MFY, 5.9 mg) and polystyrene (PS, M = 250,000, 300
mg) in chloroform (4.4 g) was knife-coated (BYK Drawdown Bar 3 Mil) on the substrate
foil. After drying the sensor foil at 60°C, some sensor foils were additionally knife-coated
(BYK Drawdown Bar 3 Mil) with a protection cocktail, which contained ELASTOSIL® E4
silicon rubber (1 g) in hexane (3 g).

Macroscopic oxygen imaging was performed using a 458 nm high-power 10 W LED array

(www.led-tech.de) as excitation source. The filter set consisting of an excitation filter BG12
(350—470 nm) and a long-pass emission filter OG515 (515 nm) was purchased from Schott
(www.schott.com). An AVT Marlin F-201C color camera equipped with a Pentax TV Lens
12 mm f/1.2 C-mount lens (http://www.schneiderkreuznach.com) was used for image
acquisition. The camera uses the Sony ICX 285 AQ image sensor. Image acquisition was
performed with the software AVT SmartView (http://www.alliedvisiontec.com). Matlab
R2009a (www.mathworks.com) was used for image processing. The color channels of the
obtained images were separated and the ratiometric image R was obtained by dividing the
red by the green channel. Fitting was performed using OriginLab 8.6 (www.originlab.com).

Sensor foils calibration. The sensors (PATPFPP/MFY) were gas-phase calibrated in a home-

made calibration chamber. Two mass flow controller instruments (Read Y smart series) by
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Vogtlin instruments (www.voegtlin.com) were used to obtain gas mixtures of defined pO2.
Compressed air and nitrogen or 2 % (v/v) oxygen in nitrogen and nitrogen were used as
calibration gases. The exact oxygen concentrations within the calibration vessel were
determined with an optical oxygen meter (FireStingO2) from Pyroscience connected to a
fiber-optic oxygen sensor (Www.pyro-science.com).

Image analysis. Acquired images were split into the red, green, and blue channels and were

analyzed using C routines and the OpenCV library (Itseez (2015) Open Source Computer
Vision Library, https://github.com/itseez/opencv) to obtain 50%-truncated, or interquartile,
means of the color channel values at each column of pixels. These columns were set parallel
to the wood-wine interface.

Measurement of OTR in wood pieces

The OTR measurement method developed by our research group and used in previous studies
was used (Nevares and del Alamo-Sanza 2015), and then, the necessary calculations to
estimate diffusion flux (mol'm?-s') were made, following the studies of Sorz and Nietz (Sorz
and Hietz 2006). The device dimensions maintain the same wood surface/liquid volume ratio
as a 225-L Bordeaux barrel. The hydrostatic pressure of the liquid in contact with the stave
was matched to the pressure of a stave halfway up the barrel, see (Nevares and del Alamo-
Sanza 2015) for a full description of the device. Each of the different times of the process (0,
6, 13, 20, 32, 63, 88 and 125 days) were subject to measurement of OTR, and the moisture
distribution inside the specimen was subsequently measured using the previously described
method.

2) RESULTS AND DISCUSSION

According to Fick’s first law, the flow of oxygen .J that crosses the wood of the stave from
the outside to the inside of the barrel varies as a function of wood-liquid contact time. This
tlow is a direct function of the diffusion coefficient of wood and the oxygen concentration
gradient at both sides of the stave wood thickness (Equation 1). To test this relationship, three
parallel experiments were conducted that provided the necessary data at different times
during the aging process (0, 6, 13, 20, 32, 63, 88 and 125 days). On one side, with test A, the
flow of oxygen that crosses the wood J (mol'm?s™) was measured. In test B, the MC inside
the stave (% MC) was obtained at each of the times, and, more importantly, we obtained the
distribution of this MC within the thickness of the stave and therefore determined the
thickness of wood e with a % MC > FSP. In test C, by ratiometric analysis of the images
acquired with a camera, an oxygen concentration profile within the wood was obtained,
allowing us to determine the gradient of concentrations Ac along the thicknesses e of the
stave obtained in test B.
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Sensor foils calibration. Figure 2a shows a calibration of a sensor foil with mixtures of
compressed air and N2 and figure 2b shows a calibration of the same foil with mixtures of 2
% 02 in N2 and N2 (purity of 5.0). Referenced images can be seen in figure 2c and 2d.

—>Figure 2:

The distribution of moisture throughout the thickness of the stave at 7 times of wood-
synthetic wine contact (all but time 0), obtained using the slicing method, revealed how aging
time determinately influences the % MC of wood. As shown in Figure 3, after the first week,
free water appears in the first mm of wood in contact with wine. As time progresses, the %
MC of the wood progressively increases, so that at the end of the test period (4 months), free
water is present in the first 10 mm of thickness of the stave from the face in contact with wine
(Table 1). In this regard, no currently published studies have reported this water penetration
depth, as data from previous studies (del Alamo-Sanza and Nevares 2014; Nevares et al.
2014) estimated this value to be approximately 4-5 mm of wood, although previous work did
not clearly specify the levels of moisture in this flooded thickness. The Ruiz de Adana
modeling estimated that this level stands at 6 mm (M. Ruiz de Adana et al. 2005); confirming
the experimental data of Feuillat (Feuillat 1996), where, in the initial stage of wood-wine
contact, the rate of advance of the impregnation front is a linear function of the square root
of the contact time. If we consider the wood to be flooded above % MC = 60%, our data
would coincide fully with the results published by other authors (Feuillat 1996; S. M. Ruiz
de Adana 2002). The trend that moisture content progressively increases over time confirms
the results of previous studies (del Alamo-Sanza and Nevares 2014; Nevares et al. 2014).

—>Figure 3:

When we measured the oxygen transfer rate of wood at different times of contact with the
wine, the same trend described in previous studies was found (del Alamo-Sanza and Nevares
2014), in which the value progressively changed over time. In the present study, the diffusion
flux.J, calculated using the OTR data from test A, followed the trend J = 3 x 107-t19% (R2=
0.9285, Figure 4), where J is expressed as mol'm™s™ and aging time (t) in days . Thus, the
MC of the wood, which progresses similarly but in the opposite direction of the flow of
oxygen diffusion, may be responsible for the decrease in oxygen diffusion flux as contact
time increases. To prove this notion, we propose applying the concept of the series-resistance
model, where the flow of diffusion is defined by the wood layer in which the resistance to
the flow of oxygen is greatest. As described in Equation 3, the portion of the wood thickness
(e) that contains free water (% MC > FSP) was considered as the wood layer with the greatest
resistance to the flow of oxygen.

—>Figure 4:
—>Table 1
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In test C, the image capture of the planar sensor with the CCD camera and its subsequent
ratiometric analysis were used to identify the average oxygen concentration in each layer of
wood at different distances from the surface in contact with the red wine (figure 5).

—>Figure 5.
Table 1 shows the oxygen concentration gradient (mol-m™) at each side of the wood layer,

along with free water (e: thickness MC > FSP (m)), at each time during aging. Figure 6 shows
the progression of the oxygen concentration profile within the stave at each of the studied
times; the black vertical line at 18.3 mm in the captured image represents the wood-wine
limit. In the layers of wood closest to the wine (from a 15-mm distance from the sensor foil
to the limit of the wine), the oxygen concentration was shown to significantly deciease, at
the same time producing an accumulation of oxygen inside the wood. This accumulation
increases over time and is closely related to the advance of the free water front in the wood.
During the preparation of test C, and as a result of the degassing process of the wine chamber,
the wood was also degassed. When the space within the wood becomes filled with wine that
has very low levels of DO (2-3% air sat.), it can be seen how the wine contains more oxygen
than the wood (t = 0 days). However, as the contact time increases, the wine consumes its
own dissolved oxygen, along with all the oxygen from the outside that enters the wine
through the wood. Simultaneously, where the wine penetrates the wood, there is a drop in the
oxygen level due to its rapid consumption by the wine. An air/wine interface (at 18.3 mm)
was observed (t = 6 and 13 days), in which a higher level of DO was present than in the rest
of the wine due to the flow of oxygen from the wood. With the passage of time and as the
wine penetrated the wood, the flow of oxygen entry significantly decreased (Table 1), and
the interface revealed how the high rate of oxygen consumption maintains a very low DO
concentration in the wine. The oxygen levels in the wood were higher in the layers closest to
the outside, and they increased over time due to the decrease in diffusion flux. At 13 days,
we had already observed a notable jump in the oxygen concentrations that was caused by the
slowdown in the oxygen transfer of wood. In the following time points (20 and 32 days), this
oxygen concentration gradient was displaced towards the interior of the stave, resembling
the displacement of the moisture front of the wood. That is, the free water front acts as a
brake on the transfer of oxygen by the wood towards the wine, thereby causing the
accumulation of oxygen inside the stave (t > 13). As the contact time with the wine increases,
the oxygen concentration equalizes within the wine and the wood-wine limit, as the gradient
has moved inside the stave. We observed that, at 2 months (63 days), the oxygen content
within the wood increased, and an interface formed at a greater distance from the side of the
stave in contact with the wine. Meanwhile, the wood, with its MC 1in the form of “free wine”
(formally free water), reduces its oxygen concentration as it is consumed by the wine present
in the wood. As the days continue to pass, the concentration of oxygen inside the flooded
wood decreases considerably, and at 4 months (125 days), it becomes practically zero in the
first 3 mm of the stave on the side that contacts the wine.
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—>Figure 6.
In Figure 7, the oxygen concentration (data from test C) and wood moisture (measured in test

B) profiles are shown at 4 selected times. A relationship may be clearly seen between the
thickness of the wood with a % MC above its FSP (see Table 1) and the formation of a jump
in oxygen concentration. The oxygen concentration jump represents the accumulation of
oxygen that occurs as a result of the lowered diffusion coefficient of wood due to the presence
of free water. The jump in the level of DO is produced at the air-wine interface, and occurs
as a result of the change in the oxygen diffusion coefficient of wood. A displacement of this
interface toward the interior of the wood occurs, and it coincides very precisely with the MC
front due to the existence of free liquid that is not bounded to the wood.

—>Figure 7.

To test the hypothesis that moisture in the stave due to contact with wine affects the ability
of wood to diffuse atmospheric oxygen, the diffusion coefficient was calculated with
equation 1. For this purpose, at each of the 7 time points studied, the flow of oxygen diffusion
J (mol-m™?s™) calculated from the measured OTR (test A) and the moisture profile within
the stave (test B) were used. This profile allowed us to determine the thickness of the wood
layer with a % MC higher than the FSP, that 1s, with free water present in its porosity, which
has been postulated to act as a barrier to the diffusion of atmospheric oxygen in different
media (Hansmann et al. 2002; Mugnai and Mancuso 2010; Rosenkilde 2002; Sorz and Hietz
2006). Additionally, thanks to the ratiometric analysis of the oxygen content inside the stave,
the oxygen concentration gradient was obtained for the layer of wood with free water, which
acts as a driving force for diffusion (test C). With these values that were obtained from the 3
parallel tests (shown in Table 1), it was then possible to determine the diffusion
characteristics of wood with free water and its relationship with the free water content and
the thickness of flooded wood (% MC > FSP).

Figure 4 shows the existing relationship between the diffusion flux, calculated with data from
test A, and the thickness of wood with free water, obtained from test B, at the studied time
points. Their relationship follows a potential line that was adjusted to the calculated data (J
= 6 x 108-¢1461. R* = 0.8754), where J is expressed as mol'm?s™ and e in mm. Once we
confirmed that the data determined from the OTR calculations followed a potential equation
over time, it was necessary to know whether this relationship was maintained when the
diffusion coefficient D was calculated (Table 1) using the data from the 3 parallel tests (A:
OTR, B: % MC profile and C: Oz concentration profile). In Figure 8, the potential
relationship (D = 8 x 107-¢177; R?= 0.8609) is shown, which follows the oxygen diffusion
coefficients of staves that have different wood thicknesses with free water at the different
times of contact with the wine.

—>Figure 8.
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The wood thickness containing free water clearly affects D, but to know in detail if, in
addition to the wood thickness with free water, the level of free water has any influence on
oxygen diffusion flux, a new variable was calculated (eMC) that is the product of the
thickness e of the flooded layer (% MC > FSP) and of its average % MC, 1.e., the average
free water that exists in that thickness (Table 1) obtained from test B. In Figure 8, the existing
relationship among the water content of the layer of thickness e with a % MC > FSP, the DO
concentration gradient and the oxygen diffusion coefficient (1)) calculated with the data
obtained from the 3 tests is shown. Figure 8 shows that there is again a potential relationship
(D =2107 -eMC1#1; R? = 0.927) between the diffusivity of the layer, which acts as a brake
to oxygen transfer (considering the theory of the serial resistance model and the thicknesses
of the flooded layer), and its degree of flooding (% MC). Therefore, these results confirm
what was described by Sorz and Hietz (Sorz and Hietz 2006) 1n a different situation, where
the free water in oak wood significantly affected the diffusivity of oxygen, and they confirm
previously published data (Mugnai and Mancuso 2010). It is evident how the diffusion
coefficient D strongly increased with the volume of air, not only in the xylem in both axial
and radial directions (Mugnai and Mancuso 2010), but also in the tangential direction, as in
the case of an oak stave, which represents an atypical case (Hansmann et al. 2002).

3) CONCLUSIONS

The ratiometric image-analysis technique for quantifying DO through the use of developed
sensors 1s a viable technique for determining the concentration gradients of dissolved oxygen
within wood, as has already been demonstrated for other biological materials. The inflow of
atmospheric oxygen towards the wine through the wood of the staves of the filled barrels 1s
directly affected by wetting of the oak wood, which is mainly responsible for the slowdown
in oxygen diffusion. The thickness of the layer of wood containing free water and its free
water content are able to explain the decrease in the OTR of the wood from the staves of the
barrels and allows for predicting the behavior of the diffusion coefficient that is ultimately
responsible for oxygen diffusion flux. Therefore, because the impact of moisture on the
diffusion coefficient is so dramatic, moisture is the most important factor leading to the very
low OTR conditions in barrels just 2 months after filling. These results indicate a need to
deepen our understanding of the roles played by botanical origin, cooperage treatments and
the anatomy of wood in water diffusion, and hence in the progression of OTR in wood.
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Tables and Figures

Table 1: Main results for selected liquid-wood contact time parameters

Oxygen
Aging time I concentration - Average (%) D™ eMC™™
(days) (mol'm?-s1) gradient™ ¢ m) MC <FSP (m%sT) (m.%)
(mol-m)
6 4.18 x107 6.18 x10° 3.2x10* 3.00 2.17 x10°? 0.96
13 2.00 x107 4.63 x107° 5.7 x10 5.50 2.46 x10° 3.14
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20 1.47 x107 4.63 x107° 5.0x10+ 14.25 1.59 x10°¢ 7.13

32 5.37 x10°® 4.63 x107° 6.0 x10+ 17.50 6.95 x107 10.50
63 1.69 x10® 5.87 x104 5.7 x10+ 21.00 1.64 x107 119.70
88 3.59 x10° 8.49 x104 6.2x10? 23.00 2.62x10%8 142.60
125 1.16 x10° 1.00 x1073 7.6x103 25.00 8.78 x10 190.00

*J (Diffusion flux) was determined from the evaluation of the OTR of wood at different times in test A.
“ Obtained from oxygen imaging analysis (test C) for the thickness where MC > FSP (test B).
“* ¢ (Thickness MC > FSP) was obtained from the moisture profile of the wood by the slicing technique (test B).

sefesed

D (Oxygen diffusion coefficient) was determined with data from tests A, B and C.

eMC is the product of the thickness of the flooded layer (e) and its average % MC, representing the free water present
in that thickness (test B).
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Figure 1: Design of experiment with the three different assays carried out: test A, the flow of
oxygen that crosses the wood J (mol-m™-s™), test B, the MC inside the stave (% MC) was
obtained at each of the times, and in test C, oxygen concentration profile within the wood.
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Figure 2: a) calibration curve; compressed air and N2, b) calibration curve; 2 % Oz and Nz,
¢) Referenced image N2 saturation and d) Referenced image air saturation.
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Figure 3: Progression of % MC profiles of oak barrel staves in contact with model wine on
one face. The horizontal line represents the FSP, above which free water can be found in the
wood.
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Figure 4: Progression of the diffusion flux J (mol'm?s™), which was obtained from the
measurement of OTR in test A with aging time (days) and with adjustment of the potential
equation described in previous studies ‘. Relationship of the oxygen diffusion flux .J, as
calculated with data obtained from test A, with the thickness of the stave wood containing
free water (test B).
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Figure 5. Profiles of the average oxygen concentrations in the thickness of the stave and DO
mapping of a section of the stave and the wine in contact with the wood during the 125 days

measured, test C.
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Figure 6. Profiles of the average oxygen concentrations in the thickness of the stave and in
the wine in contact with the wood during the 18 weeks measured. Right panel, expansion of
the air-wine interface outside and within the stave, from test C.
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Figure 7. Progression of the oxygen concentration profile (% air sat.) (unbroken line) and the

% MC profile of wood (dashed line) at 1, 2, 9 and 18 weeks (test B).
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Figure 8. Relationship of the oxygen diffusion coefficient (tests A, B and C) with the
thickness of the stave wood containing free water and the amount of water in the flooded
layer of the stave in contact with the wine (test C).
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