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Abstract: The Boltzmann equation is applied to fit data of volume loss for evaporation (in %)
during spirit ageing in northern white oak (Quercus Alba) standard barrels of 205 L (+/— 10 L) using
a temperature and humidity controlled cellar. The Boltzmann equation satisfactory fitted to the
experimental data of the volume loss against temperature at constant humidity. Two parameters of
the Boltzmann equation showed a linear dependency on the relative humidity of the air, while the
other two parameters exhibited a constant value independently of the air humidity. The found
empirical mathematical model can be used to calculate the volume loss for evaporation of spirits
(40% v/v of ethanol) during ageing in terms of relative humidity (range: 40%-95%) and temperature
(range: 10-30 °C) with significant accuracy.
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1. Introduction

Rum is a fairly tasteless and neutral spirit, traditionally (but not exclusively) produced in the
Caribbean and Central America countries. The distilled product (as primary rum), known in Cuba as
“Aguardiente”, is a colorless liquid which is aged in barrels of white oak wood (Quercus Alba) during a
timed period in order to transform and improve its sensorial characteristics [1]. Oak barrels impart
flavor, aroma, and color to spirits that are completely clear at the time of distillation, and lacking
many of the most familiar and desirable sensory qualities of aged spirits. Freshly distilled primary
rum typically has some unpleasant characteristics that require maturation time to moderate some of
their pungency and acquire many of the characteristic flavors that are desirable in a mature product.
When spirits age, the alcohol extracts and reacts with constituents in the barrel wood, producing its
distinctive color, taste, and aroma. Constituents in the wood are transferred to the bulk liquid in the
barrel by simple diffusion, by convection currents in the bulk liquid, and by temperature cycling.
As the barrel heats up, the gas above the liquid increases in pressure and forces liquid into the barrel
wood. When the barrel cools and the gas pressure drops, the liquid flows out of the wood into the bulk
liquid, carrying with it the wood constituents [1-4].

Additionally, the concentration of flavors that is the consequence of evaporation is an important
factor in maturation [5]. In that sense, the volume loss is an inherent part of the ageing process.
The barrel acts as a semi permeable membrane that allows evaporation from the cask and migration of
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air into the barrel, because of its porous structure [3]. Angel’s share is an industry term used to describe
percent volume lost from the barrel owing to evaporation, which (among other variables) increases in
function of the cask surface area/capacity ratio [6]. Environmental conditions in barrel storage facilities
(rack houses, cellars) are frequently not controlled, which leads to differences in ageing effects in the
variety of climatic conditions in which spirits are aged [3,7-9].

The annual ageing loss not only depends on external factors such as climatic conditions of the
cellar (air humidity, velocity, and temperature), but also internal factors corresponding to the wood
and liquid properties (porosity, density, stave preparation, and morphology of the wood fiber), as well
as the alcoholic content, have a significant influence [10-12]. The spirit evaporation during the ageing
process is an unquestionable economic issue for 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. The most frequent solutions for diminishing the evaporation loss are focused on
temperature and humidity controlled cellars. However, for large cellars, a further detailed economic
analysis is needed in order to evaluate the cost-benefit of installing a controlled air conditioning
system [13,14]. In general, ineffective design criteria for cellar conditioning are applied for spirits and
wine producers because of the challenging complexity of the diffusional process involved, having a
multifactorial and combined effect, which generates difficulties to accurately calculate the ageing loss
using an integrated mathematical model [13].

Different phenomenological-based models have been explored in order to describe the liquid
evaporation from barrels with a tight-linked basis in wood drying process studies [10-13]. However,
despite the efforts, the large number of variables involved and their interactions lead to simplifications
and theoretical assumptions that hinder the generalization of the proposed models from being
successfully applied at the different conditions reported by spirit producers, thus being rather specific
for a dedicated case. For traditional spirit producers, the empirical models and the ageing loss statistical
records are still the emergent tools to calculate the Angel’s share for their cellars.

In that direction, this work is focused on obtaining an empirical Boltzmann-based mathematical
model to describe the ageing loss reported data in a conditioned cellar. The fitted model is used to
calculate the annual percent volume loss during spirit (40% v/v alcoholic content) ageing in standard
white oak barrels under controlled conditions of temperature and air humidity, which are the only
two variables considered for this study. The analysis in this paper is expressed in terms of total
loss in volume, instead of the changes in the alcohol concentration during ageing. The reasons for
this are as follows. During the spirit ageing, water and ethanol are evaporated at the same time.
Therefore, the total volume loss in the barrel depends not only on the contribution of the evaporated
volume of water and ethanol, but also on other volatile compounds present in the spirit. However,
the evaporation rate of both (water and ethanol) is a complex process that depends not only on
environmental conditions of air temperature and humidity, but also highly on the wood properties
such as wood porosity, thickness of the staves, size of the cask (represented by its ratio of capacity/wood
surface), and the physical-chemical characteristics of the spirit. Additionally, spirits are not only
formed by ethanol and water, they are a very complex mixture of other congeners gathered in a very
diverse families of esters, aldehydes, alcohols, and acids, which in turn react with wood extractables
(poly-phenolics compounds) during ageing, thus changing the original characteristics of the spirits over
time. This complex and changing chemical composition not only defines the organoleptic features of the
spirit, making it possible to differentiate them, but also affects the mass-diffusional properties of each
compound through the oak wood into the air (according to the Fick law). The math modeling of spirit
evaporation by integrating all the involved variables described above is thus quite complex, and thus
simplifications and theoretical assumptions are frequently considered. In this research, (spirit (rum)
40% v/v) the changes found in real ethanol content in the rum after the experiments ranged between
37.3% and 39.5% v/v, but without following a “useful” correlational trend, as was found in the case of
the total volume loss. That is why it is preferred to not include this analysis at the moment. Perhaps,
this “random” behavior in the ethanol content is the result of the complexity in the chemical-wood
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diffusional scenario interacting with the environmental variables of temperature and humidity, but this
needs further study. Although very specific, this work constitutes one discrete step in the attempt to
describe the complex process of spirit loss during the ageing process. The found results should be
interesting for researchers and producers working on the aged alcoholic beverages technology.

2. Materials and Methods

2.1. Experimental Data

Experimental data were provided by a major rum producer in Cuba. The volume loss per
year (in %) at different conditions of air temperature and relative humidity is presented in Table 1.
An air-conditioned cellar was used to establish the temperature and humidity controlled environment.
The studied ranges of relative humidity and temperature were 40%-95% and 10-30 °C, respectively.

A total of 225 experimental data points were recorded. Selected white oak standard barrels of 205
L (+/- 10 L) were used and conveniently prepared to accurately measure the volume loss during the
ageing process of a product of 40% of ethanol content (40% v/v).

Table 1. Volume loss per year (in %) at different conditions of air temperature and relative humidity (Hg).

Relative Humidity of the Air (HR) (in %)
T°Cl 40 45 50 55 60 65 70 75 80 85 90 95

10 478 442 404 38 328 290 252 215 177 139 101 0.63
11 513 473 428 402 351 311 270 230 190 149 1.08 0.68
12 547 504 451 418 374 331 288 245 202 158 115 0.72
13 585 539 488 447 400 354 308 262 216 169 123 077
14 623 574 525 476 426 377 328 279 229 180 131 0.82
15 665 613 561 508 455 403 350 299 245 192 140 087
16 706 652 596 540 484 428 372 318 260 204 148 092
17 755 696 637 577 517 457 397 339 278 218 158 0.99
18 804 740 677 613 550 486 422 359 295 232 168 1.05
19 857 791 723 673 588 519 451 38 316 249 180 1.13
20 910 842 769 733 625 552 480 409 337 265 192 120
21 968 895 818 780 664 587 510 435 358 282 205 128
22 103 952 870 829 706 624 543 463 381 299 217 136
23 109 101 920 880 750 6.60 577 492 405 318 231 144
24 11.6 107 980 940 800 7.00 612 522 430 338 245 153
25 123 114 104 990 850 750 650 555 457 359 261 1.63
26 131 121 111 105 9.00 790 690 589 48 381 276 172
27 139 128 11.7 112 950 840 732 624 514 404 293 183
28 147 136 124 119 101 890 776 6.62 545 428 311 194
29 156 144 132 126 107 950 822 7.01 577 453 329 206
30 165 153 140 133 11.3 100 871 743 6.12 480 349 218

Ethanol content of the spirit: (40% v/v). White oak Standard barrel of 205 L (+/— 10 L).

2.2. Mathematical Model and Data Fitting

The Boltzmann sigmoidal classical model of four parameters (Equation (1)) was used to fit the
experimental data using Origin software (version 8.0, OriginLab®, Northampton, MA, US).

Al-A
Y= A, 1)
1+elw)

where Ay, Ay, xp, and dx are the Boltzmann’s model constants.
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3. Results and Discussion

Figure 1 depicts the plots of volume loss for evaporation during 40% v/v spirit ageing as a function
of the temperature at constant relative air humidity (Hg in %) plotted from the data presented in
Table 1.
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Figure 1. Volume loss for evaporation during ageing as function of the temperature at constant relative
air humidity (Hg in %). Ethanol content of the spirit: (40% v/v). White oak standard barrels of 205 L
(+/-10L).

In this case, a family of twelve curves is obtained at constant relative humidity in the range
of 40%-95%. As expected, air humidity significantly influences the evaporation from the barrel.
The higher the water content in the air, the lower the volume loss during ageing. In contrast, with the
increment of the temperature, an increase in the volume loss is also confirmed [1,5,6,10-14]. On the basis
of the data presented in Table 1 and its corresponding plots in Figure 1, the effect of the temperature on
the volume evaporated is more significant at a lower humidity. After 20 °C, an increment in the growing
slope of the (40%-55%) curves is more noticeable, indicating a significant effect of both parameters
on the evaporation. Furthermore, at 95%, an almost linear relationship between the temperature and
volume loss can be observed. As the air humidity decreases, an exponential or polynomial correlation
between temperature and the evaporated volume becomes more evident.

Although other math models can be explored, in this study, the Boltzmann model (Equation (1))
was applied for fitting the data presented in Table 1, modifying the variables as presented in Equation
(2), where T is the air temperature (independent variable) and Ty, A1, A, and dT are model constants.
Notice the general independent variable “x” in this case is the temperature, so xo and dx were changed
to Ty and dT, respectively.

A —-A
Vi0ess = 1—T—T20 + As. (2)
1+ elar)

The selection of this model was based on the following conveniences: (1) the model fitted satisfactorily
for all the twelve curves family at constant relative humidity, with a correlation coefficient over 0.999 for
all the cases (see fitting parameters in Supplementary Materials); and (2) the Boltzmann model constants
obtained after fitting each independent curve of volume loss (V}pss) versus temperature (Figure 1) can
be satisfactorily linearly-correlated with the humidity of the air, with the highest correlation coefficient
in comparison with the other explored models.
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Table 2 presents the fitting parameters for Equation (2) obtained for each curve at different relative
humidity. Parameters A; and A, presented a decreasing tendency with the increment of the air
humidity. In contrast, the other parameter dT and k (k = T(/dT) exhibited values that are independent
on the air humidity. Fisher’s lower significant difference (LSD) method was applied to demonstrate
that there is no statistical difference between the dT and k values found at different Hr. Additionally,
normal distribution of the parameters 4T and k was confirmed, and their means are presented in Table 2.

Table 2. Fitting parameters of Equation (2) obtained for the different curves at constant Hy.

Fitting Parameters

Relative Humidity Hr (%)

A1 (%) Az (%) dar (°C) k R?
40 1.607 41.71 10.54 3.37
45 1.536 40.51 10.57 3.44
50 1.302 35.95 10.57 3.39
55 1.096 30.06 10.03 3.31
60 1.011 26.83 10.49 3.28
70 0.846 21.92 10.51 3.37 >0.999
75 0.715 18.80 10.53 3.38
80 0.595 15.63 10.51 3.40
85 0.439 12.12 10.59 3.35
90 0.341 8.931 10.51 3.40
95 0.218 5.298 10.33 3.37

dT =1047 k=337

The found correlation coefficients (R?) were higher than 0.999 for all the cases (see the complete
fitting data in Supplementary Materials). dT and k are the mean of the correspondent parameters.

Figure 2 displays the linear correlation fitting plots of the A; and A, parameters in terms of Hy.
As an interesting feature of both linear correlations A; and A, the fitting linear goodness is better in the
range of 70%-95% of Hg, while in the range of 40%-70%, the found dispersion is higher, as previously
demonstrated in Figure 1.
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Figure 2. Linear correlation plots of the Boltzmann A; (a) and A; (b) constants in terms of Hy.

Table 3 shows the linear fitting parameters between the A; and A, Boltzmann constants and Hp.
Both parameters present comparable correlation coefficients of around 0.99.
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Table 3. Linear fitting parameters between the Boltzmann A; and A, constants and Hg.

Linear Fitting Parameters of Hr vs. A;

Boltzmann Model Constants: A;

m e(m) P e(p) R?
Aq -0.025 9x107* 2.57 0.06 0.989
Aj —0.665 0.019 68.5 1.30 0.993

a
.

Aj = m-Hg + p. e(i) error of the parameter

Combining the constant values (ﬁ and E) in Table 2, the linear correlations presented in Table 3
(A7 and A, vs. Hg) and Equation (2) yield Equation (3).

(0.64-Hg — 65.93)
1+ elww—337)

Viess = + (68.5—0.67-HR). 3)

Equation (3) is the found empirical equation to determine the volume loss during 40% v/v spirit
ageing in white oak standard barrels of 205 L (+/— 10 L), just considering relative humidity and
temperature of the air as variables.

Figure 3 presents the correlation between experimental data and the proposed model (Equation (3)).
According to the found correlation, the model satisfactorily reproduces the experimental data at the
specified conditions. On the basis of the errors of the linear fitting parameters, the experimental and
model-predicted values are statistically equal, with a reproducibility of 99.9% and a standard deviation
of 0.11% of the calculated volume loss.
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Figure 3. Correlation plot between experimental data and the proposed empiric model (Equation (3)).
SD = standard deviation in % of volume loss.

One of the advantages of using the proposed empirical model is the calculation of the volume
loss at unsteady state conditions of weather variables of temperature and humidity in non-controlled
cellars. For different year seasons, temperature and air humidity changes with the time (t). Therefore,
the calculating of the total volume loss at the reported conditions in a yearly time period “t” of unsteady
environmental conditions can be determined by numerically integrating the model (Equation (4)) using
recorded data of air temperature and humidity at different moments (t) in the cellar (Equation (5)) and

including a correcting discreet factor “n”, which depends on the discreet time laps when the humidity
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and temperature measurement are recorded. For instance, if the environmental measurements are
recorded monthly (30 days), then n = 12; on weekly basis (7 days), #n = 52; and on daily basis, n = 365.

{1\ ([(0.64-Hg —65.93)
Vl0ess = (E)f(; [ T e(TT47—3-37) + (68.5—0.67-Hg) |dt. 4)
(Hr; T) = f(1). (5)

4. Conclusions

It can be stated that a four-constants classical Boltzmann sigmoidal model can be successfully
correlated (with a fitting goodness over 99.9%) with experimental volume loss data of spirit (40% v/v
ethanol content) from 205 L standard white oak barrels in terms of temperature (in a range of 10-30 °C)
and relative humidity (in a range of 40%-95%).

Two of the Boltzmann constants are linear functions of the relative air humidity and the other
two are not affected by changes in the humidity content of the air. The found correlations can be
combined in a single function to calculate the volume loss in terms of temperature and humidity at the
specified conditions.

The best results in terms of accuracy and reproducibility of the experimental data are obtained at
relative humidity in the range of 70%-95%. In contrast, the variability is higher when the model is
used at a lower relative humidity (40%—70%). Therefore, caution is advised during extrapolation of
ageing loss at lower air humidity than the specified values in this study.

The proposed model is a suitable tool for assessing/predicting the evaporation volume loss for
spirit producers in view of an in-time controlling strategy needed within the ageing process in alcoholic
beverages production and cellar air-conditioning design and evaluation. Additionally, the model can
be used to calculate the volume loss at unsteady conditions of temperature and air humidity in a time
period in non-conditioned cellars.

Supplementary Materials: The following are available online at http://www.mdpi.com/2306-5710/5/4/60/s1,
Table S1: Data parameters for the Boltzmann model for volume loss at constant relative Humidity.
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