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Abstract

In this work, the behavior of the surface area fo volume ratio
(é] in five types of standard casks for rum ageing is mathematically
modeled in function of the liquid volume. The [%] variation is discussed
and compared between the two barrel storing systems in cellars

(vertical and horizontal). The ratio is applied as a parameter to obtain
an optimized criterion for filing volume and re-filling time of wood
casks during the long-term rum maturation process focused on volume
loss reduction and barrels preservation. An example of re-filling time
calculation and volume loss assessment for rum ageing in a traditional
250 L hogshead barrel is presented and debated.

Introduction

Rum is a distilled beverage obtained from the fermentation of
sugar cane molasses, a sub-product from the sugar cane production.
For the specific case of the rum produced in Cuba, the fresh distilled
spirit (known as “Aguardiente”) is a translucent, shiny, full-bodied
drink with no suspended particles. The production process comprises
the following fundamental stages: (I) Growing of sugar cane, (II)
Obtaining the molasses from sugar cane production process (III)
Molasses fermentation (usually within 24-26 h of fermentation time),
(IV) Distillation (column system in a continuous processis applied),
(V) Natural Ageing/Maturation in white oak (Quercus Alba)
wood during a timed period in order to improve its organoleptic
characteristics and (VI) Mixing [1,2]. In the case of high-quality
products, at least two ageing stages are required. The first corresponds
to the original spirit (Aguardiente). The second corresponds to the
‘base rum’, which consists of a mixture of aged spirits with a distillate
for rum (both filtered through activated carbon) and purified water.
In the specific case of extra aged rums, the use of a certain proportion
of ‘base rum’ that has undergone a third ageing stage is required.

The inclusion of additional ageing stages is optional and is left to
the discretion of the Cuban rum masters. During the ageing stages,
the Cuban rum masters pay special attention to the sensory attributes
of the aged spirit, as it is a decisive element in determining the sensory
profile of the future rum. Among other aspects, they have to select
the characteristics of the barrel (white oak, size and period of time
in use) employed for each of the stages in the ageing process (two as
a minimum) in order to achieve the typical sensory profile required
for each of the stages[1]. Throughout the ageing process, a series of
reactions take place resulting in changes in chemical composition
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and organoleptic properties of the rum. These changes will give rise
to modifications in its final quality, due to the complex aroma from
wood. Two variables are fundamental in the ageing process: the
ageing time and the quality of the barrel wood. Barrels are directly
involved in the produced changes on rum’s composition due to the
transfer of oxygen and phenolic and aromatic compounds from wood
to rum[1-11]. Barrels have another important function than those
of serving as a container. An oak barrel acts as an active vessel that
reacts and releases chemical compounds into the rum, improving its
physical, chemical and sensory properties. Depending on its origin,
age, thickness, uses, roasting, size and the contact time, the acquired
properties are different [1,3,12-14]. Wood barrel ageing improves not
only color and mouthfeel, but also increases aroma complexity due to
the extraction of compounds present in the wood. These compounds
include cellulose, hemicellulose, lignin, acids, sugars, terpenes, volatile
phenols and lactones [3,12-14]. Therefore, an ageing period in the
wooden barrel is required to attain sensory fullness and high quality.
Despite its many advantages, natural ageing in barrels has several
drawbacks. Barrels are expensive to produce, have limited lifetime
and generate a significant volume loss due to liquid evaporation [2].
The blends of spirits and the different base rums used in each of the
stages of the ageing process, carried out under the guidance of the
Cuban rum master, are decisive in achieving the finished rum with
proper sensory characteristic balance of taste, color and aromas.

In Cuban rum cooperage technology, used whisky barrels
are generally applied for rum maturation since the barrel wood
exchange/extractable compounds have been already lowered by a
previous contact with whisky. Thus, rum technology is more focused
on potentiating the oxidation ageing mechanisms in long-term aged
products [12-14]. In cooperage technology, the volume loss during
ageing depends basically of the wood permeability, which is defined
as the ability of the wood to allow fluid flow to pass through it without
altering its internal structure. In general, fluid flow through wood
can occur in two ways: (1)As in a porous solid following Darcy’s law
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(the bulk flow of fluids through the interconnected voids of the wood
structure under the influence of a static or capillary pressure gradient)
and (2)Due to diffusional mechanisms, also known as permeation.
In turn, diffusion may occur as inter-gas diffusion, which includes
the transfer of water vapor through the air in the wood cell lumen,
and bound water diffusion, which occurs inside the cell walls of the
wood [4]. In the complex case of an oak wood barrel stave during
rum ageing, both phenomena occur simultaneously. The liquid (as
bulk flow) penetrates into the wood, which is a porous solid, due to
the hydrostatic pressure of the liquid, causing the water vapor and
ethanol from the rum inside and the oxygen from the air outside
to diffuse through the wood due to the concentration difference
between the inside and outside of the barrel [15-18]. In this manner,
the evaporation of the liquid (volume loss) through the wood barrel
occurs in two phases: an initial phase or transition state in which
wood is impregnated until a steady state is achieved and a second
phase or steady state in which the impregnation flow entry of fluid
into the wood has the same magnitude as the evaporation outflow to
the exterior [4].

The volume loss is an intrinsic part of the ageing process. As
previously described, the barrel acts as a semi-permeable membrane
that allows evaporation from the cask and migration of air into the
barrel, because of its porous structure [2].

The volume loss during maturation strongly depends on external
factors related with the climatic conditions of the cellar such as
air humidity, velocity and temperature. But also, internal factors
corresponding to the wood and liquid properties (wood porosity/
permeability, density, stave preparation and morphology of the
wood fiber), as well as the alcohol content of the liquid, its density
and viscosity have a significant influence [2, 19-21]. The evaporation
loss during the ageing process is an indubitable economic concern for
spirit producers. Therefore, efforts to diminish and/or control the loss
during ageing are crucial in order to optimize the production process
and to reduce the associated costs [2].

Apart from the external and internal factors previously mentioned
that influence evaporation during spirit ageing, one of the most
important aspects is the barrel size. The percent volume evaporated
from the barrel increases as a direct function of the cask surface area

to volume ratio % expressed in m? of wood surface per m*® of liquid
volume in the barrel [19, 21].

Production economy favors the larger size barrels due to the
large storage capacity per surface of the wood and less evaporation
rate during ageing, whereas ease of movement and earlier maturation
are favorited by a smaller size [22-25]. A compromise between these
opposite aspects has led to the adoption of barrels with a capacity

ranging between 200 and 500 L in spirits such as whisky and rum.
The ratio of [5] most used traditional barrels of 200-250 L is roughly

calculated at (5) =9 m which is equivalent to 90 cm? /L [26]. Due
to its significant (%J importance for alcoholic beverages technology,
the effect of ratio during the ageing process has been widely debated

in several publications [22-26]. In that sense, experiments have been
conducted in order to study the influence of different barrel sizes
during the ageing process of spirits and wine, focused mainly on the
chemical/sensory profile and evaporation loss [2,22-26].

However, in the case of spirits with long ageing periods (more
than 3 years of maturation) as the volume of the liquid in the barrel
decreases due to the evaporation, the wetted surface area by the liquid
into the barrel also changes. Therefore, opposite to the traditional

consideration that the (é} ratio in the barrel is a constant value, this

ratio actually changes in function of the ageing time.

N

Following this approach, the [; ratio of any barrel will be

ranging from a constant value (barrel completely filled) which
certainly depends on the cask size and a final value that will tend to
infinity when the volume of the liquid contained in the barrel tends to
zero. This will be mathematically demonstrated further on.

Based on that, it can be the case that two barrels of different sizes
might have equal (g] ratio at certain volume (filling level) of liquid.
In addition, as extensively reported [2,14-26], the change of [;)

ratio in a wood barrel influences not only the wood-liquid chemical

interaction and ageing reaction kinetics but also the volume loss. The
higher the % ratio (like in small barrels), the higher is the percent of

volume loss and the faster the ageing process [2, 12-18, 22-26].

So far, no references were found concerning to the discussion
of the change of % ratio in function of the liquid level in a barrel
during the ageing process. Specifically, for the long-term spirits
maturation (and especially in tropical countries) the barrels suffer a
significant reduction of its liquid volume due to evaporation with an
average volume loss ranging from 6-13% per year depending on the
climatic conditions in non-conditioned cellars [2].

In cellars, barrels can be stored for spirits maturation in
vertical or horizontal position as presented in Figure.l (a) and (b)
respectively. In order to increase the storing/logistic efficiency of the
cellar’s space, spirit producers have introduced the palletized system
of ageing which consist on storing the barrels in vertical position and
supported by pallets.

Palletized strategy has advantages compared with the traditional
racked ageing system (barrels horizontally stored). The vertical
arrangement not only increases the volume storage yield (L/m?) up to
20% but also improves the work dynamics in the cellar, which in turn
impact significantly on the logistic/production capacity of the spirit
manufacturing. However, after many years of using the traditional
rack system of ageing, volume loss is still under assessment for
rum ageing in palletized system. The barrel geometry influences
the production processes, the cost of the barrel and its storage and
consequently, the added value of the rum [27].

Several mathematical methodologies have been applied to
geometrically describe the wood barrels used in wine and spirit
industry. Until today, tradition has passed the use of empirical and
simplified formulas that relate the barrel volume to the following
shape parameters: belly diameter, head hoop and length or even the
distance from the bunghole to the head/bottom corner. Ten empirical
and simplified formulas have been reported for barrel volume
calculation [27].

Although the error of employing these formulas fluctuates in
the range of 4-10% between them [27], its main advantage is their
simplicity which is a very suitable aspect for practical purposes in
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cooperage and cellar management. Additionally, very dedicated and
more complex methods to describe barrel geometric parameters
such as 3D modelling, finite differences method and evolution of
a circumference arc through the infinitesimal calculus have been
reported [27]. Both, empirical and complex models are used for

the economic optimization of the barrel, connected with the(é]

ratio. On the other hand, as the barrel continuously loses liquid due
to evaporation, along the time, the upper staves eventually are not
wetted by the liquid. So, in time, if the volume liquid is low enough,
the head space barrel wood dries out, the stave joint separation
increases and the cask becomes less hermetic. At this point, the barrel
suffers a progressive deterioration of its mechanical integrity, ageing
efficiency and in the worst scenario, an irreversible damage.

Therefore, this problem can be avoided if the barrel is re-filled
with liquid of the same maturation time to reach again an adequate
liquid volume. The cask re-filling process is a common managing
strategy in cellars during long-term rum ageing not only to protect
the cask from deterioration but also to optimize the cellar storage
efficiency.

In Cuban rum technology, at a certain volume of liquid, the
content of partially filled casks with the same aged product is used
to complete the cask volume at the original level, thus emptied ones
can be efliciently recovered back to the process cycle. Based on that,
for spirits manufacturers which manage very aged products under
natural ageing technology, it is a continuous concern to find the
optimal re-filling time of the casks.

In general, the re-filling time is in general empirically determined
according to the experience of the specialists and based on the specific
conditions of the cellar. In this work, the behavior of the % ratio

in function of the liquid volume in five types of standard casks for
rum ageing is mathematically modeled. The change of (gj ratio with
the liquid volume is discussed and compared between the two barrel
storing systems in cellars (vertical and horizontal). The(%j ratio

is applied as parameter to obtain an optimized criterion for filling
volume and re-filling time of wood casks during the long-term rum
maturation process focused on volume loss reduction and wood
barrels preservation. The presented study might be useful not only
for rum producers but for other specialists and researchers in the
production of aged spirits.

Materials and methods
Mathematic Approach

The cask geometric shape is a truncated prolate spheroid with
circles of equal radius in top and bottom (head size). The end radius,
commonly defined as the “Head / Top radius” is presented in Figures
1 (a) and (b) as r,. On the other hand, the “belly radius / bilge size”
r, is the radius of the widest circumference formed by the spheroid
[28]. The total volume and surface area of a cask can be determined
by Egs. (1) and (2) respectively assuming it has an equivalent cylinder
of radius (r) of the truncated prolate spheroid (this simplified
mathematical approach has been reported as one of the more accurate

models with about 5% of error) [27].

thus

Sy=2-7-r*+2-7-1-h

) M)
Vo=mn-r"-h )
With
202 4 p2
. ( r,+n ) (3)

3
S,: Total internal surface area of the barrel (in m*)
V,: Total volume of the barrel (in m*)
r,: Head radius (in m)
r,: Belly radius (in m)
r: Equivalent radius (in m)
h: Height of the barrel (in m)
¢: Cord length subtended by the (26) central angle (in m)

Thus, by combining Egs. (1) and (2), the specific surface area to
volume ratio [5] of a barrel can be easily determined as

RGN

s .. S
The[;] ratio corresponds to a fix value which is indeed
)
characteristic for each barrel depending on its size and geometric
proportions.

When the barrel is full of liquid, the internal wall of the cask is
completely wetted. When the liquid evaporates during ageing, in a

discrete level point “n”, the liquid volume as well as the wetted surface

in the cask will vary in different orders, so the initial [g) will change
s

V] value in function of the liquid level fvolume.

to another [
Vertical position

Analyzing the simpler case of vertical barrel position (Figurela)
and considering the barrel’s geometry as an equivalent cylinder of
radius (r), the liquid volume variation is a linear function of the liquid
level (L,).

Then, any liquid level (liquid volume) in the barrel at a discrete
point “n” can be expressed as a fraction (x,) of the total barrel height
as

X, :[%) with {0<x,<1}  (5)

However, when the barrel loses liquid (it is not full anymore) the
upper head is not wetted in vertical position, therefore (S, #5,) and
equations (1) and (2) can be transformed as an x_ function in order
to calculate the wetted surface and the volume of liquid in a discrete

«_»

level point “n” as

S =x-r*+2-7-r-x -h
n n (6)

— 2
V,=rn-r"-x,-h

(7)
with

«_»

S.: Wetted internal surface area of the barrel at a level point “n
(in m?)
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« »

V. : Liquid volume contained in the barrel at a level point “n” (in m?)

«_»

x,: Fraction of liquid level at a discrete point “n”(dimensionless)
L : Liquid level in the barrel at a discrete point “n”(in m)

Consequently, by combining Egs. (5), (6) and (7) gives for
vertical position

PG e

S
[;J : Surface area to volume ratio at a specific liquid level/volume

discrete point “n” (in m™)
From Eq. (8) it can be defined that }lg[éj =, therefore it

n

. S .. . .
is confirmed that the (V] ratio increases as an inverse function of

the liquid level into the cask.
Horizontal position

The mathematical modeling of the [é} in function of the fraction
of liquid level in the horizontal position of the cask (Figurel (b)) is
somewhat more complex to obtain. In the circumferential geometry,
the fraction of liquid level is not a linear function of the liquid volume
as presented in the vertical position.

In this case
L .
X, =(—"J with {0<x, <1} 9)
r

Expressions were then deducted for the two semicircular planes:
above and below the diameter (2r) by applying trigonometric
arrangements, thus

Above the diameter’s plane {0 <o< %} Figure 1 (b)

- 10
S,=2-zr-(r+h)-|1-2 X102k [1-x 7 (10)
180
- (11
V,=h-r*-| - 1505 X +x,-4J1—x,7
180

-1
2-7r-r-(r+h)-|:lf%:|+2-r2-)«'n-Jlfxn2

[éj: h_rz_[ﬂ_[ cos'x, | (12)

Below the diameter’s plane % <6< ﬁ} Figurel (b)

sn_r.(”h).ﬁ.[%}_z.rz.x".,/—l_x,,z (13)

-1
ﬂ.%}_xn../*l_x;} (1)

Barrels

Five types of whisky barrels with capacities ranging from 40-
120 UK Gallons (182-545 L), typically used in rum industry, were
evaluated. Table 1 presents the external average dimensions of the
assessed casks. On the other hand, Table 2 depicts the internal average
dimension calculated by considering the staves thickness (ranging
from 25-32 mm) and barrel design features.

Results and Discussion

Figure 2 presents a comparative plotting of the (%J ratio in
function of the liquid volume at the two different storage pogitions of
the barrel: horizontal and vertical from 250 (full) to 25 L. Practically
the same behavior of [%) ratio was observed with minor differences

between vertical (using Eqs. (4-8)) and horizontal positions (using
Egs. (9-15)) of the assessed traditional hogshead whisky barrel. All
the studied barrels (Table 1 and Table 2) presented the same pattern
without almost any difference between both storage positions.
Therefore, it can be concluded that the barrel position has not a
significant influence on the surface area to volume ratio variation in
function of the liquid volume.

) ratio, it is possible to identify two stages of the
barrel during ageing: (I) First half period and (II) Second half period.
Since the objective of this work is basically focused on diminishing
the volume loss and cask deterioration during ageing, it is highly
advisable to keep the barrels in stage (I) thus avoiding as much as
possible the stage (II).

Based on the (5]

Therefore, the optimized criterion for filling volume and re-filling
time of wood casks will be restricted to the stage (I) range analysis.

//’ ~Q Ly=r
7 A
4 \\
/
/ ¢ | Ln r \
| AN \
{ [fo=o=3 RN
3 n T
\ {—<9<n} |
\ o\ // (L,,)
Xp=—
\\ N L, g / n r
N\ /
A 7
~ < -
S __—7 Ly=1
Empty

Figure 1: Diagram of the general geometrical parameters of wood casks from
different positions: vertical (a) and horizontal (b). x : Fraction of liquid level.
L : Liquid level (in m) and 6 filling angle (degrees). Dash line represents the
equivalent cylinder of radius (r).

Table 1: External average dimensions of different types of whisky barrels used
for rum production.

External Average dimensions
Barrel Type . . .
Head Diameter (m) Belly Diameter (m) Height (m)
40 Gallon’ Barrel 0.550 0.630 0.880
55 Gallon Traditional
Hogshead barrel 0.550 0.785 1.020
55 Gallon Dumpy Barrel 0.625 0.730 0.880
120 Gallon (Dumpy) 0.765 0.950 1.110
Puncheon barrel
120 Gallon (Tall) Barrel 0.675 0.920 1.320
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Table 2: Internal average dimensions of the different types of barrels (Table1).

Internal Average dimensions
Barrel Type Head radius Belly radius Equivalent  Height
r, (m) r,(m) radius r(m)" = h (m)
40 Gallon Barrel 0.250 0.290 0.277 0.755
55 Gallon Traditional |, 37 0.340 0.309 0.830
Hogshead barrel
55 Gallon Dumpy Barrel 0.288 0.340 0.323 0.755
120 Gallon (Dumpy) 0.358 0.450 0.421 0.985
Puncheon barrel ’ ’ ’ ’
120 Gallon (Tall) Barrel 0.300 0.422 0.386 1.168

Calculated by applying Eq. (3). Internal dimensions were calculated considering
the stave thickness and barrel design features.

When the hogshead barrel is full (100% filled), the calculated

s
[;) ratio was 8.882 m!=~ 90 cm?/L (Table 3) which is consistent
0

with the reported value [11]. However, when the liquid volume in
the hogshead barrel decreases (let’s say, due to evaporation losses),

the (éj ratio diminishes under this initial value (dash line). Based

n

on Figure 2 , when the hogshead barrel is at half capacity (50%), the
% ratio is equal to the initial value as the volume and surface area

are both proportionally reduced to 50%.

S ) ratio abruptly increases

On the other hand, if the volume ofliquid decreases below the 50%
of the total capacity of the barrel, the EV

following an exponential trend which (as previously discussed) reach

an infinite value whenV_= 0. Since the volume loss during ageing is

a direct function of the 3| ratio, it is expected that below the 50%
of the hogshead barrel capacity the evaporation rate will increase also
following the same tendency. Therefore, it can be stated that at 50%
of capacity, the barrel reaches a critical volume of liquid, a sort of an
inflection point. Under that liquid volume, the evaporation losses will
be significantly higher also leading to a fast deterioration of the barrel
mechanical integrity due to the wood stave’s desiccation process.

Figure 3 shows a magnification of Figure 2 focused on the stage (I)
range of the hogshead barrel. The stage (I) comprises also interesting
aspects to take into account for the optimization analysis. However, at
the beginning, even when the liquid volume decreases just a few liters,

the (%) value abruptly diminishes to reach a minimum (optimal)

value. In the hogshead barrel (250 L), the minimal %}
equal 7.624 m™ and this value is reached when the liqui
the barrel is V=225 L (seeTable 3).

value is
min .
volume in

With 10% less of the total barrel capacity, the [%) ratio decreases

approximately 14 %. After this minimal point, the % ratio increases

as inverse function of the liquid volume but with a significant less

abrupt slope compared with the ( s J ratio change found from 250
v

to 225L.

n

Regarding the impact of the[ S| ratio on the volume loss, at the
optimal value of (ij the barrel will suffer from minimal volume

loss due to diffusional evaporation. Therefore, each barrel has an
optimal operational capacity or optimal filling volume (V) in which
the diffusional evaporation loss finds a minimum. The optimal filling
volume was calculated for the different whisky barrels assessed (Table
2) and values are presented in Table 3.

134
124 ; ®  Horizontal
- O Vertical
o
<. 114 &
g
= o Critical Volume (50 %) Full (100%)
< 104 o
@ stage IT °s
a
94 ] o .
Q
%o, ™
84 vog u
stage | gq“‘iﬁuoa"
7 T T T T T
50 100 150 200 250
V,L

Figure 2: Comparative plotting of the [%J behavior in function of the liquid

volume (range: 55-250 L) at the two different storage positions (horizontal(Egs.
(9-15) and vertical (Egs. (4-8)) in a 250 L traditional hogshead barrel.

stage |

100 125 150 175 200 225 250
V,L
Figure 3: (%2. ratio in function of the liquid volume in stage (1) for a traditional
(250 L) hogshead whisky barrel. Magnification of the stage (I) from Figure 2.
V- Optimal filling volume (in L). A(S/V),: Differences of surface to volume
ratio at each Vn point between the curve and the line applied as optimization
function.

Table 3: Optimal parameters for filling and re-filling volumes determined for
different types of whisky barrels used for rum production.

‘ Optimal Parameters

Barrel Type s (ij Vv, Vor [Vom)
VL) [VJ Vo Vorll) | 08 |5 ) |
(m?) | (m)
40 Gallon’ Barrel 182 | 9.869 8.467 165 125 0.905 0.69
85 Gallon Traditional 5, gggy 7624 205 171 0900 0.68
Hogshead barrel
55 Gallon Dumpy Barrel | 250 | 8.841/7.6200 224 170 0.896 0.68
120 Gallon (Dumpy) | 5,5 6781 5844 497 377 0912 069
Puncheon barrel
120 Gallon (Tall) Barrel 545 1 6.894 5.897 482 @ 376 0.884| 0.69

“Capacity is reported in UK Gallons =1.2 Gallons. Error: (+/- 5%)

From this result, a conclusion can be derived: instead of filling it
to 100%, it is better to fill the barrel till its optimal volume (V) to be
stored in the cellar for spirit ageing in order to reduce the diffusional
evaporation losses. This last statement and its demonstration will be
discussed later on.

Filling a barrel below its full capacity could seem to be a
contradictory idea, because it reduces the space yield efficiency used
in the cellar. However, according to the experience of traditional
spirit producers, a small air space is empirically left during cask
filling in cellars to counteract the pressure changes due to the liquid
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expansion and contraction in function of the temperature fluctuation
and also potentiate the gas-liquid contact interface for oxidation
reactions during maturation which in turn improves the organoleptic
attributes of the rum. Nevertheless, apart of the applied empirical
approaches which are very specific for each producer, the effect of
the barrel filling volume and the re-filling time on the volume loss
during spirits maturation has not been clearly elucidated so far and
the subject is still under discussion among spirit producers.

From Figure 3, it is noticeable that the evaporation loss from V/ to
V,poccurs in a faster way compared with the liquid volume reduction
from V,to 0.5 V, which is in line with the equilibrium concept.

Additionally, rum producers in Cuba locally report a relative
increment of the evaporation loss for short-term (less than 15
months) aged products which it is in line with the [%) vs V_pattern
observed in Figure 3. "

The barrel will tend to reach the minimum as it is not in the
optimal point when it is full. As it will mathematically modelled and
discussed later, the evaporation loss rate in the range of V- Vi (250-
225 1) volume change period is significantly higher than for V' to 0.5
V,(225-125 L) period. Thus, the analysis has to be conducted to see
if it is beneficial to fill the barrel fully since the liquid will be rapidly
evaporated and is lost anyway.

Another objective in this work is the optimal refilling time of the
barrel during maturation. From Figure 3, it can be deducted that the
refilling volume for a barrel is located in the region of V to 0.5 V
(225-125 L in the case of the hogshead barrel). The optimal volume

for barrel refilling (V,,...) can thus be mathematically determined.

s
Drawing a line between coordinates points [(;] v :VOFJ

and [[3)0;0.5%} (Figure 3) and calculating the difference A(%J

at each volume V_ in the barrel between the curve and the line as
the optimization function, the inflection point in the curve trajectory
indicates the optimal refilling volume which will be observed at the

maximal difference A[%) (Figure 4).

In this case, for the traditional hogshead barrel, the optimal
refilling volume (V) was found at V.= 171 L (+/- 8.6 L). This
indicates that when the barrel reaches this volume, it is the moment to
re-fill it in order to keep the evaporation loss controlled and preserve

the barrel’s mechanical integrity.

ASIV),, m"
N
o

0,5+

0,0 T —— : T )
120 140 160 180 200 220 240
V,L

Figure 4: Optimal re-filling volume for a traditional 55-Gal (250 L) hogshead
whisky barrel.

In Table 3, a summary of the optimal parameters for casks filling
and re-filling volume determined for different types of whisky barrels
used for rum production are presented. As reported in [19-21], the
smaller the barrel size, the higher is the (%] value. The shape of the

barrel (dumpy or tall) also modifies the [é) value. For dumpy shape

(more like a square cylinder) the calculated (%J value is slightly
lower than for the all shaped designs. Furthermore, the same applies

for the [i]
%

An important aspect to notice from Table 3 is that independently
of the found differences between optimal parameters of the barrels
(which in turn depends on the relative barrel dimensions) it can be

. . s .
assumed for practical purposes that the minimal value of [;J ratio

parameter.

min

for a typical barrel is when the cask is about 90% filled (+/- 5% of
error based on the accuracy of the simplified formula to calculate r
(Eq.(3) and the optimal volume for re-filling is when the barrel losses
are around 30% of its total capacity.When the optimal re-filling
volume of a barrel is determined and the evaporation loss percent in
the cellar has been stablished by experimental/empirical studies, the
re-filling time can be then defined.

In order to clarify the method, an example of a numerical
calculation approach to determine the optimal re-filling time is
presented. Calculation results are presented in Table 4 under the
following conditions:

a) Barrel type: (55-Gal Hogshead whisky barrel/ 250 L)
b) Product: ‘base rum’ (52-55 % v/v)

b) Maximal percent of evaporation loss at full barrel: 11 %/ year
(Caribbean region)

¢) Temporal discrete step for the refilling time calculation:
At =3 months (1/4 of year)

Similar to the numerical Euler’s method, the first row (n = 0) in
Table 4 is completed with the initial values calculated at full barrel
conditions V, = 250 L. The initial partial volume loss PVL_in 3
months (t = n - At) is then:

PVL_=11/4=2.75 % of the volume loss / 3 months

Since the diffusional evaporation is a linear function of the contact
surface area [28, 29], the partial volume loss after a At of time PVL_ for
(n> 0) is calculated by Eq. (16).

PVL, =[ Sy }PVLH
S

n-1

(16)

Hence, Eq. (17) is applied for calculating the volume of liquid
(V) remaining in the barrel after a At of time.

Voa=[1-0 ),
100

Based on the results presented in Table 4, the hogshead barrel
will reach the optimal re-filling volume of 171 L in an ageing period
within 54 to 57 months. By interpolation, the time for reaching the
171 L is 56 months (4 years and 8 months). At that moment for
the given conditions, the barrel has to be re-filled. Starting at full
barrel, the average percent of total volume loss per year (PVL) due

(17)
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Table 4: Example of a numerical calculation approach to determine the re-filling
time in a 55-Gal hogshead whisky barrel at specific conditions.

n (20'“:“(‘2) V,L) S, (5] m) PVL(%140 V,. (L)

0 0 2500 = 2221 | 8882 2750  243.1
1 3 2431 | 1908 = 7.849 = 2363 | 2374
2 6 2374 | 1830 7708 2266 | 232.0
3 9 2320 | 1775 = 7650 @ 2198 | 2269
4 12 2269 1731 | 7.628 2144 | 2220
5 15| 2220 1693 | 7625 | 2007 | 2174
6 18 2174 1659 7632 | 2055 | 2129
7 21 2129 | 1628 7645 = 2016 | 2086
8 24 | 2086 1599 | 7.666 1.981 2045
9 27 | 2045 1572 | 7.690 1947 | 2005
10 30 | 2005 1547 | 7.715 1916 196.7
1 33 | 1967 1523 | 7.746 1.887 193.0
12 36 | 1930 1500  7.776 1.858 189.4
13 39 | 1894 | 1479 | 7.809 1.831 185.9
14 42 | 1859 1458 | 7.842 1.805 182.5
15 45 | 1825 1438 7.878 1781 1793
16 48 | 1793 | 1419 7912 1757 176.1
17 51 1764 1400 | 7.950 1734 1731
18 54 | 1734 1383 7.988 1712 170.1
19 57 170.1"

"Region of optimal filling volume. * Region of optimal re-filling volume.Error: (+/- 5%)

to evaporation taking the whole 56 months period as reference can
be calculated as

250-171

- 12
PVL70-s6)=100- o= 9
T(0-56) ( 250 j %o 6.77 % / year

(18)

As presented above, a 11% / year of volume loss was considered at
full barrel. However, the average value after 56 months was about a 40
% lower. This is in line with internal statistics and empiric criteria of
Cuban rum producers about the influence of the ageing time in yearly
volume loss percent.

Also, the average evaporation rate (E‘R ) in the whole period
can be determined as

250-171

% (19)

éR(2507171L] =( j= 141L / month

On the contrary, if the barrel was filled initially to its optimal filling
volume of 225 L (corresponding to 13.2 months by interpolation in
Table 4), the refilling time is then (56 - 13.2 = 42.8 months) around 3

years and 7 months.

Thus, from the optimal filling volume, the average of percent of
total volume loss per year and average evaporation rate in this period
can be calculated as

PVL1132-56) :100(%}%: 6.73%/ year (20)
5 225-171
ER[225—171L]=(%]= 1.26 L / month (21)

Comparing both full and optimal initial filling volume, in a
long-term ageing process the average loss is reduced in around
0.15 L/month-barrel which represents just 0.6% less than the yearly
evaporation loss at initial full barrel. In conclusion, for long-term

maturation, the effect of the initial barrel filling volume on the
evaporation loss reduction is not that significant.

However, as it will be demonstrated in the following calculations,
short-term evaporation loss during the spirit ageing process is highly
affected by the initial filling volume of the barrel.

Firstly, if the initial period from full barrel to reach the optimal
filling volume of 225 L is analyzed, it is possible to find significant
differences. As previously mentioned, by interpolation, the time to
reach the 225 L from hogshead full barrel is 13.2 months and the
averaged percent of volume loss per year and evaporation rate in this
ageing period are respectively

PVL o132 :100(%]-%: 9.1% / year (22)
- 250-225
Er (250-2251) 2[ )2 1.89 L /month (23)

In this first period of approximately one year, the average percent
of volume loss per year and the evaporation rate are about 35 % higher
compared with the whole period of 56 months, thus this is consistent
with local reports of Cuban rum producers.

The results confirm the influence of the first ageing period on the
increment of the total volume loss in cellars. At this point, making
an analysis for the short-term ageing process to compare the volume
loss reduction if the barrel is filled at optimal volume against the full
barrel filling.

Let’s consider a 12 months aged product (n = 4), if the barrel
was initially full, the average volume loss and evaporation rate in this
period can be calculated as

PVL(0-1 = 100-

=9.24% [ year

250-226.9
&= (24)

- 250-226.9
(e 25)

Er (250-22691) =
1

J: 1.93 L/ month

On the other hand, if the hogshead barrel was filled at optimal
volume (225 L), after 12 months gives

- 225-207
PVL (132-252) =100-| ——— |= 8%/ year (26)
225
- 225-207
Er (2252071) =( 2 j= 1.5L/month (27)

In a short ageing period, by initially filling the barrel at optimal
volume, the percent of evaporation loss can be reduced approximately
87% compared with the percent of volume loss at full barrel filling
in the same ageing period (12 months in this case). That represents
a saved volume of around 5.2 L/year-barrel (hogshead barrel). Thus
for 100 barrels in the cellar, 520 L of product can be saved from
evaporation per year. The same calculation method can be conducted
for other barrels types and cellar specific conditions.

Beyond the theoretical results, the proposed method needs to be
adapted for practical purposes and then efficiently applied in different
scenarios of spirit industry according to the specific features of each
producer such as cellar environmental conditions, ageing technology,
cask management strategy among others. Indeed, other math models
can be explored and compared with found results in order to increase
the calculation accuracy for different types of barrels.
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Conclusions
The (5)

V n
function of the volume of liquid and therefore the ageing time. This
parameter will range from a constant value (barrel completely filled),
which certainly depends on the cask size, to a final value that will
tend to infinity when the volume of the liquid contained in the barrel

approaches to zero.

ratio of a barrel during ageing constantly changes in

Found results demonstrated that for traditional barrels within a
capacity range of 182-545 L:

s . . .
1)the | 37 | ratio s practically independent of the barrel storage
position (horizontal or vertical).

S
2) the [;j ratio and therefore its minimal diffusional
evaporation loss is established when the barrel is around 90% of its
total capacity during short-term (less than 15 months) maturation

process.

3) instead of filling the barrel to 100%, it is better to fill the barrel
till its optimal volume (V) to be stored in the cellar for spirit ageing
in order to reduce the diffusional evaporation losses.

4) in order to avoid cask deterioration during long-term spirit
maturation, the barrels have to be re-filled when the liquid volume
reaches 70% of the total barrel capacity.

5) for long-term (more than 3 years) ageing process, the initial
filling volume of the barrel does not have a significant influence on
the average evaporation loss reduction.

6) in a short ageing period, by initially filling the barrel at optimal
volume, the percent of evaporation loss can be reduced approximately
87% compared with the percent of volume loss at full barrel filling in
the same ageing period.

The presented study might be useful not only for rum producers
but for other specialists and researchers in the production of aged
spirits. The proposed method needs to be adapted for practical
purposes and then efficiently applied in different scenarios of
spirit industry according to the specific features of each producer
such as cellar environmental conditions, ageing technology, cask
management strategy among others.
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