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Abstract

The process of aging red wines in barrels is a common practice that aims to improve the quality
of the wine. Oxygen, together with the compounds released by the oak wood, is responsible for
this improvement through interaction with the wine compounds during the process. Wood as a
natural product presents a series of highly significant discontinuities in its characteristics, not only
between trees of the same species, but even between different areas of the same log. It is not
surprising that, despite the homogenization of the characteristics of the wood due to the number
of staves in a barrel (around 30 pieces), barrels made from the same batch of wood show very
different behavior when aging the same wine. This work presents the results of applying a new
way of classifying wood in cooperage by means of image analysis of the staves, based on its
anatomical characteristics besides grain and handling of the staves, in order to achieve the
production of barrels with a desired oxygen transfer rate (OTR) potential and also with great
homogeneity between manufacturing batches. The two batches of barrels built with high and low
OTR proved to be very homogeneous and the oxygen dosage of the high OTR barrels was more

than twice that of the low OTR barrels, which confirmed the success of the system developed.

1. Introduction

Oak barrels have been used for centuries to age quality wines (del Alamo-Sanza, 1997; Garde-
Cerdan & Ancin-Azpilicueta, 2006). The wood with which the barrel is built is generally of the
genus Quercus (Martinez-Gil, del Alamo-Sanza, Sanchez-Gomez, & Nevares, 2018) which is
characterized by contributing volatile and hydrosoluble compounds to the wine (Pérez-Coello,
Sanz, & Cabezudo, 1998; Puech, Feuillat, Mosedale, 1999), thus modifying it sensorially and
chemically. The interaction of the compounds released by the wood with the wine's own
compounds is governed by the presence of atmospheric oxygen, which is essential for aging and
actively involved in the evolution of the wine (Moutounet, Mazauric, Saint-Pierre, & Hanocq,

1998). Oxygen entry into the barrel, which has been known for a long time (Ribereau-Gayon,



1933), is through the wood, the joints of the staves and that of the stopper (Vivas & Glories,
1997), although other authors argue that the main route of oxygen entry occurs during the filling
of the barrels (Peterson, 1976), or even that the only contribution is during the degassing of the
wood in the first few days after filling (Qiu, Lacampagne, Mirabel, Mietton-Peuchot, & Ghidoss,
2018). The work previously developed by the UVaMOX group demonstrated oxygen entry
through the wood of the barrel, not only in the dry state, but also when it was moistened after 40
days’ contact with the wine (Nevares, Crespo, Gonzalez, & Alamo-Sanza, 2014; Nevares & del
Alamo-Sanza, 2015; Nevares et al., 2017, 2016). The amount of oxygen that enters the barrel
through the wood, once it has been soaked, has been studied using different methodologies.
Recently, dissolved oxygen (DO) has been measured with the help of luminescent sensors located
inside the barrel, which have allowed oxygen entry over one year to be evaluated, thus obtaining
the kinetics of the annual oxygen transfer rate (OTR), defined by a decrease in the OTR with the
aging time governed by the wetting of the wood(del Alamo-Sanza & Nevares, 2014; Nevares et
al., 2016)

When a barrel is filled, the wood gets wet and impregnated with wine (Feuillat, 1996) which
causes a decrease in the volume of wine in the barrel. If the barrel is airtight, changes occur in its
shape as it tries to adapt to the new volume of liquid contained (Moutounet, Mazauric, Saint-
Pierre, Micaleff, & Sarris, 1994). Infiltration of wine into the wood continues until, after
approximately 82 days, the humidity front of the wood reaches the outside of the stave in contact
with atmospheric air (Ruiz de Adana, Lépez, & Sala, 2005), although evaporation begins 40 days
after filling (Claire et al., 2018). All of these phenomena cause changes in the internal pressure
and are common in most barrels that attain closure tightness (Peterson, 1976). The origin and
morphological characteristics of the wood influence the sorption and absorption of both wine and
volatile compounds retained in the wood (Coelho, Domingues, Teixeira, Oliveira, & Tavares,
2019; Sedighi-Gilani et al., 2012), and the impregnation of the stave wood modifies oxygen

permeability with the time of contact with the wine (Nevares et al., 2016).

The heterogeneity of wood as a natural product produces very different barrels within the same
batch and cooperage, thus requiring a wood classification system to reduce this variability and
allow barrels as homogeneous as possible to be offered. Most cooperages classify wood by grain
(Vivas, 1995) although there is technology for the classification of wood by non-destructive
processes, such as Oakscan (Michel et al., 2011; Michel & Teisseédre, 2012), based on Near
Infrared Spectroscopy (NIRS) which proposes the classification of wood according to its phenolic
composition. As for oxygen, the most recent studies determining the transmission of oxygen
through French oak wood have established an oxygen input of ~12.3 mg/L/year (del Alamo-
Sanza, Carcel, & Nevares, 2017). Recent work has shown that the correlation of wood grain with

the rate of oxygen entry through wood, although important, is not statistically significant (Nevares



et al., 2019) requiring the use of a total of nine anatomical properties in order to explain and
predict the greater or lesser oxygen permeability of Quercus petraea wood (Martinez-Martinez,

Alamo-Sanza, & Nevares, 2019).

The objective of this work is the construction of barrels with different OTR using wood classified
in a non-destructive way by image analysis for the recognition of its anatomical properties. A
method was used to select the staves of each barrel seeking a customized oxygenation value and
also great homogeneity between the lots of barrels built. The fabrication and evaluation of barrels
using the proposed method showed that it was possible to build barrels with different rates of

wine oxygenation by classifying the wood in cooperage.
2. Materials and methods

This study consisted of 4 stages. In the first place (step 1) the OTR of the staves was estimated
from the physical properties of the oak boards (oak rough staves) from the cooperage wood yard,
which were classified in 3 groups: high and low and the middle, in line with an OTR threshold
according to their estimated OTR. The next step (2) was to select the rough staves of each previous
class to build each of the barrels with a homogeneous, high or low potential wood OTR and move
on to its construction. In the third stage (3) the barrels were built and finally, in the last stage (4),

the real OTR of the barrels as vessels was evaluated.
2.1 Oak wood samples

For this trial, 3064 French oak (Q. petraea) rough staves (before bending and toasting), provided
by INTONA S.L. cooperage (Navarre, Spain) as a usual batch of oak wood planks were used to
construct regular barrels with a grain value between 1.88 and 4.94 mm. Oak rough stave samples
were divided into two groups: 1836 oak rough staves, with a length of around 96 cm, employed
to build the barrel body, and 1228 oak rough staves boards, with a length varying between 42 and
73 c¢cm, used to build the barrel heads.

2.2, OTR estimation
2.2.1. Potential stave OTR estimation and classification

The potential OTR of the 3064 staves was estimated in the UVaMOX installations based on the
density and structural features of the oak rough staves employing the previously developed
method (Martinez-Martinez et al., 2019). This method employs an Artificial Neural Network to
predict the potential OTR of an oak wood sample as a function of its density and seven anatomical
features measured with a non-invasive procedure from an image: the rotation angle of the oak
rough stave sample, the number of rings, the earlywood and latewood area ratio, and the

inclination and number of medullar rays (Martinez-Martinez et al., 2019). To this end a Gibertini



CENT 4000 technical balance (Gibertini Elettronica S.R.L., Milan, Italy) combined with a 3D
volumetric camera IFM O3D303 (IFM electronics, Essen, Germany) were employed to measure
the weight and volume of the oak rough staves, respectively. The density was calculated by
dividing the weight and volume of each rough stave. The images of the head of each stave were
acquired with a JAI company GO-5000M-USB 5 MP 12-bit monochrome CMOS camera (JAI
A/S, Copenhague, Denmark) with a 25 mm lens. Moreover, an IDL-W-152 LED illumination
system (Infaimon S.L., Spain) was employed to illuminate the wood samples for constant and

uniform illumination.

The staves” potential OTR was estimated to classify the staves into three groups: low wood OTR
(LWOTR), high wood OTR (HWOTR) and those with an estimated OTR in between according

to custom threshold; they were later employed in the barrel construction stage.
2.2.2.  Overall wood potential OTR estimation of barrel

Overall potential wood OTR of each barrel was calculated using the estimated OTR of the staves
employed to make each barrel. The dimensions of each rough stave, which were also measured
with the 3D volumetric camera to measure the volume of each rough stave in the previous
subsection, had to be considered. With these data, the potential OTR of each stave was weighted
by the ratio between each stave area and the total barrel area to calculate the overall wood potential

OTR of the barrel.

Two assumptions about the barrel characteristics were made in order to calculate the area ratio
entailed by each stave based on measurements taken in barrels disassembled from the cooperage.
The first assumption was that the barrel body area was 1.50 m* and the second that each head
barrel area was 0.25 m”. This meant that the body was 74.77% of the total barrel area and each
head area 12.61% of the total barrel area. With this in mind, the method to calculate this ratio

differed depending on whether the stave formed part of the body or the head.

It is important to emphasize that the OTR estimated with this method was only the OTR of the
wood staves in the barrel, which is the main pathway (up to 75% of overall OTR) of oxygen entry
in French oak barrels (Nevares & del Alamo Sanza, 2014). To calculate the OTR of the barrel the
oxygen that flowed between the staves also needed to be considered (Nevares et al., 2014; Qiu et

al., 2018; Vivas & Glories, 1997).
2.2.2.1. Barrel body stave area

To calculate the barrel body stave’s area ratio, all the stave lengths were considered to be the
same. Only the width of the staves was variable, so the ratio between this and the total width of
the barrel body was its percentage of the total 1.66 m?>. Equation (1) shows the ratio of each stave

arca.



W.
=74.77% - Nb—l (1)
Y21 Wn

body

ratio;

n=1
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body stave and N, the number of staves of the barrel body.
2.2.2.2. Barrel head stave area

To calculate the barrel head stave area ratio their width and order of position in the barrel head

had to be considered.

Figure 1.a shows an example of barrel head stave distribution. It can be seen that the width of the
first and last head staves was reduced to fit into the total 0.597 m of each barrel head, which was
the diameter associated with the 0.28 m? area of each one. With this in mind, the relation between
the width measured for each stave and the equivalent width used to calculate the ratio can be seen

in equations (2-4):
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where w/*¢%¢ and W[’lee;d are the measured and equivalent widths of the i-th stave, in meters, and

N}, the number of head staves. Equations (2) and (4) reduce the width of the two extreme staves

proportionally to their measured width.

Figure 1: a) Barrel head stave distribution example; b) Diagram with a generic stave, in red, in

the head (in blue), with the parameters employed to calculate its area (2 - I) in equation (5).
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Taking the calculated equivalent width into consideration, the area associated with each stave can
be calculated with the expression presented in equation (5), bearing in mind that the parameters
presented in Figure 1.b. were 2 - I as the area of the stave, R the head radius (0.2985 m), and x;
and x, the position of the beginning and end of the stave, respectively. Considering the equivalent
width calculated with equations (2-4) x; and x, can be worked out using the expressions presented

in equations (6) and (7):
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where x; ; and x,; are the initial and final position of the i-th stave of the head, and Wl-’_fgd the

equivalent width of the i-th stave.

Finally, considering all the previously presented equations, the ratio of a stave of the head barrel

is expressed in equation (8):
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where ratio; is the ratio of the the i-th stave of the barrel head and 2 - I; is the total area of

the i-th stave, in m%, calculated according to equation (5).
2.3. Stave selection and barrel construction

At the end of the previous stage, 16 packages of rough staves were obtained with the wood
required to make the 16 customized oxygenation barrels and were sent to the participating
cooperage for their construction. Each of the packages contained the staves making up the body,

as well as the boards for the construction of the 2 heads of each barrel.



The barrels were constructed in Toneleria INTONA S.L. cooperage by experts applying the
procedure employed to construct regular 2251 barrels with a medium toast level. The usual
dimension requirements in INTONA S.L. are a total length of 218 cm for the barrel body with at
least one stave of a width wider than 10 cm in the barrel body to place the bunghole, and a set of

staves for each barrel head long and wide enough to construct a circle with a radius of 29.85 cm.

In our work, other requirements related to the OTR were also considered in order to build the
LWOTR and HWOTR barrels. On the one hand, the barrel head staves were randomly chosen
from the LWOTR and the HWOTR stave group, respectively, taking into consideration the
previously mentioned dimension requirements. On the other hand, the barrel body staves were
selected from the LWOTR and HWOTR groups in order to create bodies with a similar estimated
OTR. A Monte Carlo based computational method (Liu, 2008) was employed to select the barrel

body staves to reduce the variability in the estimated OTR of the barrel bodies constructed.

At the end of this stage 8 high OTR wood barrels (HWOTR barrels), 8 low OTR wood barrels
(LWOTR barrels) had been constructed and, in addition, the cooperage provided 4 barrels built
following the usual barrel making procedure (commercial barrels). The 20 barrels were sent to

UVaMOX to be studied.
2.4. Characterization of the built barrels OTR

The performance of the barrels was studied under controlled cellar conditions, with a temperature
between 15-17 °C and 70-75% relative humidity. Half of the barrels built with classified wood (4
LWOTR barrels and 4 HWOTR barrels), together with two of the commercial ones built without
stave classification, were used to evaluate the actual OTR. The other barrels were used to age a

red wine at a later stage.
2.4.1. Follow up bung (O and pressure)

The distribution of DO and barrel pressure was determined by means of a modified expandable
bung, a plug that allows the passage of two optical fibers with a luminescent sensor at the end
(Oxygen Dipping Probe DP-PSt6; PreSens GmbH, Germany), accurate to +1 ppb or £3% of the
respective concentration. These probes were located at a distance of 21 and 42 cm from the bung
(one third and two thirds of the total internal height of a 2251 Bordeaux barrel). To facilitate the
hermetic seal, the stainless steel stopper was covered with a layer of food grade silicone, which
ensured an airtight seal (del Alamo-Sanza & Nevares, 2014). The oxygen probes were monitored
via two OXY-4 trace v3 transmitters (PreSens GmbH, Germany), each with four channels
connected to a PC, thus making simultaneous measurements at two points in the 4 barrels. The
DO probes were calibrated following the manufacturer's protocol to achieve maximum

performance with sodium dithionite (Na>S»,04) at a concentration of 30 g/L in distilled water (0%



lime) and with a gaseous air-nitrogen mixture (10% air saturation, 10% lime) obtained by means
of a PC-controlled gas mixer GM-3 (SensorSense, The Netherlands). Each bung had a pressure
transmitter with flush membrane model S-10 calibrated from the factory -250 to 0 mbar (WIKA
Alexander Wiegand SE & Co. KG, Germany) to monitor the variation of the internal pressure of

each barrel.

The performance of the 10 barrels was analyzed in three successive tests: first the two commercial

barrels, then the four LWOTR and finally the four HWOTR barrels.
2.4.2. Barrel preparation procedure for wood degassing measurement

Without any pre-conditioning treatment, the gaseous content of the interior of each barrel was
moved with CO, gas with a very smooth flow and from the bottom of the barrel to move the
atmospheric air from the interior avoiding mixture as much as possible, and fast enough to not
affect the wood. This process was carried out until the oxygen concentration inside the barrel,
measured with the previously described sensors, was less than 3.8 hPa. While supplying CO,, the
barrel was filled with a previously degassed model wine (hydroalcoholic solution at 12.4% v/v of
ethanol, and pH=3.5) from the bottom of the barrel avoiding turbulence, thus displacing the CO,
overflowing from the barrel. For de-gassing model wine to low oxygen levels, a membrane
contactor, Liqui-Cel® 4x13 Extra-flow module was used (3M, Maplewood, Minesota, United
States). The Liqui-Cel® module was operated in the so-called transverse-flow for the liquid,
meaning that liquid flowed on the shell side of the membrane module. Inside the hollow-fiber
membranes (tube or lumen side of the module) low pressure (vacuum) was maintained and
nitrogen was supplied as a stripping gas working together in combo mode. Once filled the correct
execution of the inert filling was confirmed with DO measurements to be always below 3.8 hPa.
After this operation, the bung was closed and the monitoring and data-logging of the pressure and
DO began every 10 minutes for 9 days. At the end of this period the barrels were filled with model

wine to measure the volume of wine loss due to wood impregnation in this period.
2.4.3. Overall barrel OTR measurement

Once the wood degassing test of the 10 barrels full of model wine was carried out, the oxygen
inlet rate in each barrel, as a container made of a permeable material, was tested in order to
confirm, on the one hand, the classification methodology of the staves according to their OTR
and, on the other hand, the homogeneous behavior between each of the 2 groups of customized

oxygenation barrels constructed.

The barrels, as in the previous case, were filled with deoxygenated model wine and also degassed
at various points inside each barrel with the help of 0.5 pm porosity sintered stainless steel micro

diffusers. Nitrogen was injected at low pressure into all the barrels simultaneously thus



guaranteeing the same conditions of pressure and flow, to ensure that the concentration of DO in
the interior was less than 3.8 hPa. Once this had been confirmed, the barrels were filled with
oxygen-free model wine, then closed and the evolution of the DO and the internal pressure were
monitored every 10 min for 10 days. As in the previous case, at the end of this period the barrels
were filled with model wine to measure the volume of wine loss due to wood impregnation at this

stage.

2.5.  Statistical analysis

Pressure and DO data were analyzed by Microsoft Excel 2016 software.
3. Results and discussion

3.1.  Rough oak wood stave characteristics

The measured characteristics of the analyzed rough oak staves are shown below. Figure 2 shows
the relevant dimension of the barrel body rough staves and the head boards; barrel body length
was not represented because it was constant around 96 cm for all the rough staves. It also presents

the estimated OTR histogram for the barrel body staves and the head boards, respectively.

Figure 2. Relevant dimensions of the wood samples analyzed: (a) body barrel rough stave
width; (b) head board width and (c¢) head board length. Stave potential OTR: (d) body barrel

staves; () head board stave.

Figures 2.a-c show the variability of the oak samples considered in this work and illustrate the
challenge of choosing the rough oak staves for a barrel due to its dependence on rough stave
dimensions. Figures 2.d-e show the distribution of the estimated potential OTR values for the
body barrel staves and the head boards. Distribution is seen to be different as they originate from
two different wood populations. This meant that the samples were classified as LWOTR, mid-
OTR and HWOTR separately, that is, considering different thresholds for the barrel body staves

and the head boards, mainly due to the limited population of classified oak wood boards.

The number of boards used in this work determines the choice of the OTR threshold sought for
each group, since we required the construction of 8 barrels of each type, meaning at least 275
boards were needed in each group. The barrel body staves were classified considering 0.554
hPa/day as the LWOTR and 1.017 hPa/day as the HWOTR thresholds in order to have 275
measured staves. The remaining staves classified as mid-OTR body staves. The barrel head boards
were classified considering 0.383 hPa/day as the LWOTR threshold and 0.944 hPa/day as the
HWOTR threshold in order to have 172. The remaining staves were classified as mid-OTR head

staves. The number of 275 staves chosen to build the barrel bodies and 172 for the barrels heads



was decided in agreement with the cooperage workers as sufficient to build the eight barrels of

each group.
3.2. Barrel construction

The barrels were constructed using the 16 packs of staves chosen in the previous stages. Table 1
presents the potential wood OTR of the different LWOTR and HWOTR barrels and allows two
observations to be made. Firstly, analysis of the coefficient of variation shows that that of the
barrel body (1.9% and 1.2% for the LWOTR and HWOTR barrels, respectively) was between
two and three times lower than that of the heads (3.7% and 4.4% for the LWOTR and HWOTR
barrels, respectively). This occurred because the head staves were randomly chosen from the
LWOTR and HWOTR stave groups, while the body staves were selected using a Monte Carlo
method. Secondly, the results obtained confirmed those expected in a previous study (Martinez-
Martinez et al., 2019): it is possible to build a barrel with a significantly different OTR and with
a small standard deviation of the barrels that belong to the LWOTR and the HWOTR groups
compared with the differences among those groups. In this work, the estimated potential wood
OTR of the LWOTR barrels varied between 0.37 hPa/barrel.day and 0.39 hPa/barrel.day while
the estimated wood OTR of the HWOTR barrels varied from 1.23 hPa/barrel.day to 1.28
hPa/barrel.day.

Table 1: Potential wood OTR (hPa/barrel.day) of the wood of the LWOTR and the HWOTR constructed barrels,
specifying also the OTR of the body and the two heads. *OTR calculated on the basis of estimated stave OTR

The barrels tested in the following section are the E, F, G, H barrels of each group, which have
an average potential wood OTR of 1.24 hPa/barrel.day for the HWOTR barrels and 0.38
hPa/barrel.day for the LWOTR barrels.

3.3. OTR measurement results

3.3.1. Degassing the wood: when the wine barrels were filled, first the wood was moistened,
causing the release of air that was adsorbed in the roughness of the inner side of the staves. The
aim of this work was to evaluate this contribution during the first 9 days, specifically the amount
of oxygen incorporated into the wine exclusively from the wood. In order to do this, the barrel
was filled with an oxygen-free model wine and inerted with CO,, i.e. as the barrel was filled, the

deoxygenated liquid displaced the CO- (see Materials and methods).

Figure 3 shows the profiles of the increase in the DO content in the 10 barrels. The 4 LWOTR
barrels show a somewhat different behavior in this process during the first four days, although
most of them accumulated very similar final oxygen levels, between 26.8 and 36.6 hPa after 9

days. If we assess the oxygen accumulated in these first 9 days, in which the wood was being



wetted and therefore releasing part of the air displaced by the model wine that penetrated the
wood, the velocities of oxygen incorporation into the model wine oscillated between 2.02 and
2.79 hPa/day (0.097-0.135 mg/L.day), with an average value of 2.56+0.38% hPa/day
(0.124+0.018 mg/L.day). These small differences were related to the differences in behavior of
the barrels' internal pressure. It was found that in barrels LWOTR-E and LWOTR-H (Figure 3.a
and 3.d) the usual depression values (68-75 mbar) were reached (del Alamo-Sanza & Nevares,
2017) very quickly (in a few hours), due to rapid absorption of the wine in the wood, a
phenomenon accompanied by hermetic closure which causes a very sudden descent. The joints
between the barrels are unquestionably an oxygen entry point into the wine, and this is dependent
on the force/pressure between the staves (Qiu, 2015). After this sudden drop in the internal
pressure of the barrel, a stage of lower internal depression was observed, possibly due to the
readjustments of the joints between the staves and the shape of the barrel, so it decreased smoothly

over time, remaining at values of 30-40 mbar below atmospheric pressure.

On the other hand, the LWOTR-F and LWOTR-G barrels (Figure 3.b and 3.c) were not capable
of maintaining the depression either because structurally they adapted perfectly to the decrease in
the volume of wine caused by infiltration into the wood, or because the closure did not achieve
sufficient tightness. However, these two barrels caused the wine contained to reflect a sharp
increase in the concentration of DO inside, which was slowly distributed throughout the total wine
volume, until its behavior was similar to the LWOTR-E and LWOTR-H barrels. Finally, the DO

levels at the end of the monitoring period were very similar in the 4 LWOTR barrels.

Figure 3: Evolution of accumulated oxygen (hPa/barrel.day) and barrel internal pressure (grey color)
compared to atmospheric pressure (mbar) in Low and High wood-OTR barrels during wood degassing, a)
LWOTR-E, b) LWOTR-F, ¢) LWOTR-G, d) LWOTR-H, ¢) HWOTR-E, ) HWOTR-F, g) HWOTR-G, h)
HWOTR-H i) Commercial E and j) Commercial F.

As for the HWOTR barrels, all of them reflected very homogeneous behavior, especially the
HWOTR E, G and H barrels (Figure 3.e, 3.g and 3.h) in which the oxygen input was practically
equal. The DO levels reached after 9 days were between 22.9 and 30.6 hPa per barrel (Table 2).
The accumulated oxygen balance allowed us to measure the oxygen supplied to the model wine
by the wood, and entry rates between 2.44 and 3.13 hPa/barrel.day (0.118-0.151 mg/L.day) were
recorded with an average value of 2.91+0.33 hPa/day (0.14140.016 mg/L.day). If the evolution
of the internal pressure of the barrels is observed during the process of degassing/wetting of the
wood, all of them initially suffered a very sudden drop in pressure which was maintained
throughout the test with values of -35 to -50 mbar. This did not occur in the HWOTR-F barrel
(Figure 3.f), which was not capable of withstanding the creation of the depression, either by

adapting the volume of the barrel to the decrease in the volume of the model wine, or more



probably by a bung that was not sufficiently airtight. As a consequence of the behavior of the
different internal pressures, the HWOTR-F barrel showed a slightly lower degassing than the rest
of the barrels of the HWOTR group. Comparing the behavior of the high and low OTR barrels,
although the wood degassing values were very similar between the LWOTR and HWOTR barrels,
the latter’s degassing rate was almost 14% higher than that of the LWOTR barrels.

Table 2: Oxygen release rate (hPa/barrel.day) obtained from DO measurements in barrels

during the wood wetting process.

Analyzing the process of wine absorption in wood in more detail, it is important to note that the
liquid absorbed in the heartwood remained mainly below the fiber saturation point (FSP), so liquid
absorption by heartwood appeared to be governed by water diffusion rather than capillary flow
(Johansson & Kifetew, 2010), which depends on the microstructure of hardwood (Salin, 2011).
It was observed that when wood was moistened below its FSP, a swelling of the wood occured
that caused dimensional change between 1% and 2%, preferably in the radial and tangential
directions (del Alamo-Sanza et al., 2016; Rijsdijk & Laming, 2011). This could explain the
readjustments in the shape of the barrel that gave rise to abrupt pressure variations in the first few
hours (see figure 4) with the sudden rupture of the vacuum that was generated then and which

caused a gradual loss of vacuum.

There was also more consistent behavior in the inner depression between the HWOTR barrels
compared to the LWOTR ones (Figure 3). HWOTR barrels were capable of better maintaining
the internal depression, which would show a greater structural resistance, possibly due to the fact
that the wood of the HWOTR group presented morphological characteristics that would produce
an advantage in this respect. On the other hand, in French oak there was a positive and significant
correlation between its OTR and its proportion of earlywood (Nevares et al., 2019), which
indicated that it was a more porous wood than LWOTR. Considering the losses produced in each
barrel, directly related to the absorption of wine (see Table 3), the HWOTR barrels were observed
to absorb a greater amount of model wine causing a greater depression inside because they
withstood a greater variation in the volume of wine contained in the barrels. At the same time,
this wine absorbed by the wood displaced the air contained and caused a greater accumulation of
oxygen in the model wine of the HWOTR barrels. The behavior of the commercial barrels in this

first wetting/degassing phase was on a par with that of the LWOTR ones.

Table 3: Variation in wood moisture from high and low OTR barrels and wine volume losses

during the degassing process and OTR measurement.



Assuming that the supply of oxygen to the model wine during the first few days of wetting of the
dry wood was due mainly to the degassing of the wood, it is important to consider the losses that
measured in the barrels. In previous studies on the wetting of French oak staves in barrel
situations, we found that after the first and second week of wine-to-wood contact only the 1-1.5
mm thick layer of wood had free water, which was occupying the porosity of the wood (Nevares
et al., 2016). Table 3 shows the losses measured in each of the 10 barrels. It can be clearly seen
that more model wine was introduced into the wood of the HWOTR barrels (62% more than in
the LWOTR ones), which caused greater displacement of the air contained in the porosity of the
wood and, consequently, a greater contribution of oxygen to the model wine. This was
corroborated by the fact that the HWOTR barrels initially had a lower average weight than the
LWOTR ones, which indicates that the wood of those barrels was somewhat less dense so the
porosity of the wood was greater in the HWOTR barrels, and therefore the amount of air displaced

would also be slightly greater, as can be seen in Figure 4 and Table 3.
3.3.2. Real barrel OTR measurement

After the measurements of the first initial degassing phase of the wood the rates of oxygen entry
were measured in a second more stable phase, which can be assumed stationary, after the first few
days of wetting. For this purpose, after completing the previous test, once the wood had been
moistened in its first mm of thickness (Nevares et al., 2016), the 10 barrels filled with model wine
were prepared again, as described in the Materials and methods section, to monitor the

accumulation of DO.

Figure 4 shows the evolution of the accumulated DO as well as the internal pressure of all the
barrels studied in this second period. In this case the LWOTR barrels behaved uniformly over the
time represented and in the graphs the entry velocity can be observed in the form of a straight line
with a slope ranging from 0.52 to 0.83 and representing the variation in hPa/barrel-day. The
pressure variation during this process ranged from -10 to -40 mbar. The formation of this vacuum
inside the barrels took place in a much more progressive way than in the previous measurement
test of the initial degassing of the wood since, although the barrel was already wet, it continued

to absorb model wine, causing its shape to modify and internal pressure to decrease.

Table 3 shows the quantities of model wine that had to be replaced in the barrels after this test
(wine losses). It can be observed that, in general, the amount of model wine absorbed by the wood
in this trial was approximately half that during the study of the degassing phase of the barrel.
Bearing in mind that the barrels had been wet for about 20 days, they were below the threshold
for the start of evaporation, which recent studies placed at 40 days (Claire et al., 2018), so all the

losses can be considered to have contributed to the increase in wood humidity inside the barrels.



The progressive increase in wood moisture caused a decrease in the oxygen permeability of the
wood, which led to a reduction in oxygen entry rates in this second trial (del Alamo-Sanza &
Nevares, 2014). HWOTR barrels behaved very similarly. During the first two days the entry of
oxygen followed a clearly linear trend, although from the middle of the second day all of them
showed an inflection point, increasing their entry speed, which we have considered to be
representative as it remained uniform during the rest of the test (see Figure 4.e, 4.g, 4.h). This
behavior coincided with the stability achieved in the internal pressure of the barrels, which was
generally lower than in LWOTR barrels and between -30 and -70 mbar below atmospheric
pressure. Once the shape of the barrel had been structurally adapted to its new volume and there
were no large variations in internal pressure, a linear oxygen input rate was observed in the four
barrels studied and was relatively uniform, more so than in the case of LWOTR. Table 4 shows
the oxygen input rates in this period of stationary behavior of the HWOTR barrels (CV=4.8%)
and the LWOTR ones (CV=18.88%) (Table 4).

Figure 4: Evolution of accumulated oxygen and barrel internal pressure (grey color)
compared to atmospheric pressure (mbar) in Low and High wood-OTR barrels after
wood degassing time. The slope of the DO evolution with time is the OTR
(hPa/barrel.day), where a) LWOTR-E, b) LWOTR-F, ¢c)LWOTR-G, d) LWOTR-H, , e)
HWOTR-E, f) HWOTR-F, g) HWOTR-G, h) HWOTR-H i) Commercial E and j)
Commercial F.
Table 4: Oxygen transmission rates (hPa/barrel-day) for all the analyzed barrels (Low wood
oxygen transfer rate barrels (LWOTR), high wood oxygen transfer rate barrels (HWOTR),

commercial barrels (commercial)

Comparing the average behavior of the measurements obtained from the three groups of
customized oxygenation barrels and commercial barrels, it is clear that the HWOTR barrels had
a much higher oxygen input speed than the commercial ones, 69% higher, while the LWOTR
barrels reached 75% of their OTR (Figure 5). Thus, and taking into consideration the limitations
caused by the classification of a limited number of staves for bodies (1836 staves) and heads
(1228 tables), on a daily basis barrels as high OTR containers would incorporate an average of
13.7 mg oxygen into the wine they contained, while LWOTR barrels would dose 6.1 mg, whereas

commercial barrels would incorporate 8.1 mg into aging wines.

Figure 5: Average evolution of DO accumulated in the model wine of the HWOTR (n=4),
LWOTR (n=4) and commercial (n=2) barrels. (standard deviation shaded and the line of

regression of the measure of each type of barrel lot in black).



The results obtained from the measurements of the total real OTR of the barrels analyzed indicate
that wines aged in high oxygenation barrels receive 2.3 times more oxygen than those aged in low
oxygenation barrels. Estimates of the overall potential OTR of each barrel (Table 1) indicated that
barrels with high oxygenation wood would theoretically provide the wine being aged with three
times as much oxygen as those built with low oxygenation wood. This difference, which is
statistically significant (Table 4), can be explained by the fact that the total oxygen that the wine
receives when it ages in barrels is the sum of what enters through the wood and what enters
through the joints between staves. In French Quercus petraea barrels, the oxygen entering through
the wood can represent 75% of the total, 25% therefore being attributable to the quantity entering
through the joints between staves (Nevares & del Alamo-Sanza, 2014). If these percentages are
applied to the transfer rate of the commercial barrels (0.74 hPa/barrel-day) in reference to what
enters through the joints between the staves, this entry route contributes 0.18 hPa/barrel-day to
the wine in the barrel, a datum that could be assumed constant for the barrels manufactured in this
cooperage with French oak wood. Subtracting this entry rate from the real OTR measurements
recorded on the barrels, the rate of oxygen entering through the wood of the staves and that in
high oxygenation barrels would be 0.375 hPa/barrel-day, while 1.085 hPa/barrel-day would enter
high oxygenation barrels, resulting in a ratio of 2.9, very close to the 3.2 obtained theoretically

(Table 1).
4. Conclusions

The implementation of a new system for predicting the potential OTR of staves, which, by means
of image analysis of the staves, uses other anatomical properties besides grain, has allowed the
classification of staves by their OTR. Even though wood is not the only way to get oxygen into a
barrel, considering only the wood classified by its OTR for the formulation of the barrels, it is
possible to build really different barrels in terms of the oxygen contributed to the wine they
contain. Selecting the rough staves for each barrel based on homogeneity between batches,
allowed two batches of barrels of a homogeneous global OTR to be constructed. The analysis of
the barrels obtained confirmed that it is possible to build HWOTR barrels that will dose the wine

more than twice as much as LWOTR ones, in accordance with our initial aim.

The methodology employed would allow cooperages to build customized oxygenation barrels as

long as a sufficient number of staves classified by their OTR were available.
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Table 1: Potential wood OTR (hPa/barrel.day) of the wood of the HWOTR and the LWOTR
constructed barrels, specifying also the OTR of the body and the two heads. 'OTR calculated on
the basis of estimated stave OTR

Barrel Barrel Body 1*head 2""head Barrel
type reference  OTR OTR OTR OTR!

H-A 1.254 1.145 1.222 1.236

H-B 1.291 1.227 1.284 1.282

High wood H-C 1.251 1.226 1.253 1.248

OTR H-D 1.262 1.153 1.189 1.239

barrels H-E 1.238 1.199 1.199 1.228

H-F 1.262 1.121 1.165 1.232

H-G 1.271 1.172 1.172 1.246

H-H 1.278 1.129 1.225 1.252

mean 1.263 a 1.192 a 1.245 a

min 1.238 1.121 1.228

max 1.291 1.284 1.282

SD 0.016 0.044 0.016
%VC 1.2 3.7 1.3

L-A 0.398 0.33 0.373 0.386

L-B 0.392 0.363 0.366 0.385

Low wood L-C 0.398 0.354 0.365 0.388

OTR L-D 0.396 0.352 0.372 0.388

barrels L-E 0.397 0.356 0.356 0.387

L-F 0.403 0.319 0.344 0.385

L-G 0.376 0.345 0.373 0.372

L-H 0.396 0.373 0.373 0.39

mean 0.394 b 0.357 b 0.385 b

min 0.376 0.319 0.372
max 0.403 0.373 0.39

SD 0.007 0.016 0.005
%VC 1.9 4.4 14
plevel %k %k 3k 3k %k 3k %k %k k

mean, minimum (min) and maximum (max) values, standard deviation (SD), and variation
coefficient (%VC), *** p<0.001



Table 2: Oxygen release rate (hPa/barrel.day) obtained from DO measurements in barrels during
the wood wetting process.

High wood OTR Low wood OTR Commercial
p level
barrels barrels barrels
E F G E E F G H E F
3.13 244 312 2.72 2.86 2.02 279 2.59 2.72 2.32
0.98 095 0.95 091 0.87 0.65 034 0.98 0.91 0.78 R?
2.91+0.32* 2.56+0.38* 2.52+0.28% 2.52+40.28%* ns

*mean+SD (standard deviation), ns: no significative



Table 3: Variation in wood moisture from high and low OTR barrels and wine volume losses during the degassing process and OTR measurement

High wood OTR barrels Low wood OTR barrels Commercial barrels p level
E F G H Mean SD E F G H Mean SD E F Mean SD
initial barrel weight (kg) 499 494 503 503 4998 043 a 50 506 49.8 502 50.15 034 a 482 49.1 48.65 064 Db *
Degassing
wine losses (mL) 1600 2340 1700 1550 1797.5 367.0 a 1000 1220 1440 1140 1200.0 184.0 b 2457 1950 2203.5 3585 a *
barrel humidity increase (%) 3.14 4.63 331 3.02 352 0.75 196 236 2.83 222 234 037 499 389 3.08 0.78 ng
OTR
wine losses (mL) 800 900 700 620 755.0 121.5 400 800 830 800 707.5 205.5 800 680 740 84.9 ns
barrel humidity increase (%) 1.57 1.78 136 1.21 148 0.25 0.78 1.55 1.63 1.56 138 0.40 1.62 136 1.13 0.64 ns

mean, standard deviation (SD), ns: no significative, (*) p<0.05;
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Table 4: Oxygen transmission rates (hPa/barrel.day) for all the analyzed barrels (high wood
oxygen transfer rate barrels, HWOTR, Low wood oxygen transfer rate barrels, LWOTR),
commercial barrels, commercial)

HWOTR R’ LWOTR R*  Commercial p level

Barrel E 1.23 0.96 0.69 0.98 0.90 0.95
Barrel F 130 099 052 071 0.74 0.99
Barrel G 1.26 0.96 0.83 0.79
Barrel H 1.37 0.99 0.66 0.95
Mean+SD 1.29+0.06b 0.68+0.13a 0.82+0.11a 0.0002
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Fig. 1. (a)

Barrel head stave distribution example; (b) Diagram with a generic stave, in red, in the head (in blue), with the

parameters employed to calculate its area (A) in equation (5).
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Fig. 2. Relevant dimensions of the wood
samples analyzed: (a) body barrel rough stave
width; (b) head board width and (c¢) head board
length. Stave potential OTR: (d) body barrel

staves; (e) head board stave.
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Fig. 3. Evolution of accumulated oxygen (hPa/barrel-day) and barrel internal pressure (grey color) compared to atmospheric pressure (mbar) in Low and High wood-
OTR barrels during wood degassing, (a) LWOTR-E, (b) LWOTR-F, (¢) LWOTR-G, (d) LWOTR-H, (¢) HWOTR-E, f) HWOTR-F, (g) HWOTR-G, (h) HWOTR-H (i)

Commercial E and (j) Commercial F.
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Fig. 4. Evolution of accumulated oxygen and barrel internal pressure (grey color) compared to atmospheric pressure (mbar) in Low and High wood-OTR barrels after
wood degassing time. The slope of the DO evolution with time is the OTR (hPa/barrel-day), where (a) LWOTR-E, (b) LWOTR-F, (¢c) LWOTR-G, (d) LWOTR-H, (¢)
HWOTR-E, (f) HWOTR-F, (g) HWOTR-G, (h) HWOTR-H (i) Commercial E and (j) Commercial F.
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Fig. 5. Average evolution of DO accumulated in the model wine of the HWOTR (n=4), LWOTR (n=4) and

commercial (n=2) barrels. (Standard deviation shadedand the line of regression of the measure of each type of

barrel lot in black).
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