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Abstract. In this paper, a solution for real-time measurement of the density of alcoholic fermentation is proposed. Two
pressure sensors are placed in two vertical locations inside the fermentation tank of a brewery to calculate the density
considering basic hydrostatic concepts. The obtained signals are converted by a 14-bit A/D device equipped with
Bluetooth technology. Pressure data are collected by these sensors, which operate in the 0 — 10 kPa range. This
approach results in a resolution of 1/16348, measuring a range of 0 to 5 V, an accuracy of 0.61 Pa, and a total density
uncertainty of 0.15 %. The results are compared to two commercial instruments, a conventional hydrometer, and a
portable refractometer. The best concordance is obtained with a conventional hydrometer, with a maximum deviation
of 0.37 %.
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1. INTRODUCTION

The craft beer scenario in Brazil is growing constantly. Comparing the years of 2017 and 2018, an increase of 30 %
in the number of breweries was registered by the Brazilian Ministry of Agriculture (Marcusso and Miller, 2019). The
amount of jobs generated by the craft beer sector reflects this increase in the number of breweries since about 53,14 %
of the total jobs in breweries in Brazil is offered by companies with less than 100 employees (Caged, 2018).

One of the main challenges of micro craft breweries is to guarantee production quality and repeatability in a process
that involves many steps. The precise execution of the process is important to guarantee the final product quality.
Measuring the outcomes of each step and comparing them with a baseline becomes an important task, especially during
the fermentation phase, which is based on the usage of yeasts to consume sugar and generate sub-products, such as
ethanol and carbon dioxide (CO2), among others (Kunze, 2014; Palmer, 2010). These products of the fermentation
generally add flavor, aroma, and other characteristics to the beer (Kunze, 2014). To control how these sub-products are
generated, parameters as temperature, density, pH, and the amount of CO; must be controlled on a real-time basis
(White; Zainasheff, 2010).

Lachenmeier et al. (2010) point out the disadvantages of using infrared spectroscopy in combination with
multivariate regression in craft and industrial breweries scenario. This method consumes and requires time for Fourier
Transform Infrared Sensors and applies the calibration with the matrix-dependent technique. The authors used a device
consisting of the multiple-beam infrared sensor in combination with a flow-through cell for alcohol analysis and,
compared to densimetric methods, the infrared sensors are simpler to handle, but the hydrometer-type alcoholmeters are
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still widely applied in industry. Furthermore, the densiometric measurement methods have to be preceded by a
distillation step to avoid the sugars and other solutes induce erroneous measurements.

Considering this context, in this paper, a novel method is proposed to measure the wort density in a real-time and
continuous fashion. A device is designed to collect data during the whole beer fermentation process. Wort density is
controlled because it impacts in different ways on the quality of the final product. The wort density is used to measure
the Alcohol by Volume (ABV) of the beer and to identify the different phases of fermentation. For example, precise
identification of the end of the fermentation is important to avoid the beer to have long-term contact with inactivated
yeast and also to reduce the fermentation time, what is of high importance for a commercial brewery. The
measurements are collected using Bluetooth technology and are routed to a cloud-based solution wirelessly. The
information stored in the cloud can be accessed through a web interface, which can be configured to notify the
breweries about the evolution of the fermentation.

2. DENSITY CALCULATION

During the fermentation process, the sugars contained in the wort are converted into CO. and alcohol by the action
of yeasts. For this purpose, yeast fungus of the Saccharomyces cerevisiae species is used (Kunze, 2014). The density of
wort is largely dependent on the sugar content. In this process, the specific gravity decreases as the extract in the
pitching wort ferments because ethanol is appreciably less dense than water.

ABYV is a standard measure of the ethanol contained in one volume of alcoholic beverage. This value is expressed as
a percentage of volume. The percentage of alcohol can be calculated from the difference between the wort original
gravity and the current specific one. By monitoring the density decrease over time, one can obtain information about the
progress of the fermentation and determines when the process is complete. To calculate ABV, most brewing sites use
equation 1 (Brewer’s Friend, 2011).

ABV = (0G — FG)131.25 1)

In this case, OG represents the Original Gravity (specific gravity measured before fermentation) and FG is the Final
Gravity (specific gravity measured at the completion of fermentation).

3. EXPERIMENTAL METHODOLOGY

The device designed to measure the wort density is composed of two pressure sensors installed in two different
positions inside the fermentation tank, distant by a height h, in the vertical direction. A Bluetooth compliant A/D
converter is used to communicate with a wireless network to send the acquired data to a computer that pre-processes
and sends the resulting information a cloud-based solution to be stored for further analysis. The information stored in
the cloud consists of sensor signals converted to pressure values according to the calibration equation. These data are
processed via software and converted to values of specific density and alcohol content, considering the basic principles
of hydrostatics of fluid mechanics. The resulting information can be accessed through a web interface, accessed by the
breweries to monitor the fermentation process and to support decision making.

The design of the proposed measurement device is illustrated in Fig. 1, where P1 and P2 are the pressure
measurement points and h represents the vertical distance between them.
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Figure 1. Schematic of the measurement device.

The device main sensors and instruments are described in Tab. 1, followed by their specific measuring range and
uncertainty. The symbolism is the same used in Fig. 1.
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Table 1. Device list of sensors and instruments, according to Figure 1.

Description Model
Pressure sensor (S1/S2) JF 302

0to 10 kPa
WIFI A/D Module ESP 32

4. PRESSURE CALCULATION

Equation (2) shows the definition of the principle of Pascal (Cengel and Cimbala, 2015), which establishes that
pressure exerted anywhere in a confined incompressible liquid is equally transmitted throughout the fluid, so the
pressure does not depend on the amount of liquid or the shape of the container. According to the hydrostatic law, the
increase of pressure between two elevations equals the local specific weight of the fluid multiplied by the distance
between these points.

AP = pgh (2)

where 4P is the hydrostatic pressure (Pa), p is the fluid density (kg/m?), g is acceleration due to gravity (m/s?) and h is
vertical distance between the two pressure sensors (m).

The pressure sensors installed inside the fermentation tank were effective to measure the pressure of the wort during
the experiments. These values are converted to fluid density using Eq. (2). The expected results in time are shown in
Fig. 2 (Kunze, 2014).
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Figure 2. Example of variation of specific gravity during fermentation (adapted Kunze 2014).

As can be observed in the graph, the values of wort density decreased as expected and became approximately
constant after 4 days of observation. It is important to emphasize that these results are valid for the considered
experimental scenario. This fermentation time and the behavior of the density may vary depending on the type of
fermentation and on other parameters related to the style of the beer which is being produced.

5. VALIDATION PROCEDURE AND RESULTS

The validation of the proposed equipment was based on density reference values according to Fig. 3, which shows
the comparison between the reference values and those obtained on the digital hydrometer according to Tab. 2. In
practical terms, eight samples were prepared using a mixture of alcohol and water in different proportions, following the
specifications presented in Tab. 2.

The density values of each sample were calculated by dividing the mass obtained in a digital scale, with a
resolution of 0.1 g, by the volume obtained in a burette with a resolution of 0.1 ml. Subsequently, these samples were
carefully inserted into the digital hydrometer, one at a time, and the density was measured. After each measurement
using the reference values, the digital hydrometer was washed to receive a new sample. Table 2 shows the reference
values obtained from the samples with the respective values measured in the digital hydrometer and the percentual
relative variation between them. Both results were obtained from the arithmetic mean of five measures of each event.
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Table 2. Comparison of reference values with values obtained in the digital hydrometer proposed.

Samples Reference values Obtained values 9% variation relative
1 1016.15 1016.36 -0.020
2 1000.06 1000.21 -0.014
3 996.35 996.52 -0.018
4 992.38 992.68 -0.029
5 988.96 989.23 -0.028
6 986.78 986.73 0.005
7 985.46 985.50 -0.024
8 982.63 982.56 -0.034

Figure 3 shows the reference values used in relation to the values obtained in the digital hydrometer according to
Tab. 2.
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Figure 3. Reference values vs obtained values in the digital hydrometer proposed with percentual variation relative.

After validating the proposed equipment, it was used in a realistic scenario to measure the density during the
fermentation of a lager beer of Doppelbock style. In this phase of the experiment, the results obtained using the
proposed measurement device was compared to the results of two instruments commonly used to the same end: a
conventional hydrometer and a refractometer.

The conventional hydrometer is an instrument that measures the relative density of fluids. It is composed of a
closed hollow glass tube where the base contains granular lead trapped by a resin and a narrow stem with a graduated
scale in grams per milliliters. The hydrometer makes use of Archimedes principle, i. e., a suspended solids in a fluid is
buoyed by a force equal to the weight of the fluid displaced by the submerged part of the suspended solids. The liquid to
test is poured into a graduated cylinder, and the hydrometer is gently lowered into the liquid until it floats freely. The
point at which the surface of the liquid touches the stem of the hydrometer correlates to relative density. The
hydrometers are calibrated for use at 20 °C (Kunze, 2014), therefore, in the case of fluid being at another temperature,
correction of the measured value should be made.

The portable refractometer determines the specific value of a fluid based on the reading of the refraction index of
the fluid, determining the sugar concentration of liquid solutions. The refractometer consists of a cover plate, a prism
assembly, calibration screw, focus adjustment and eyepiece. The scale is graduated in Brix. The Brix scale corresponds
to one gram of sugar (sucrose) in 100 grams of solution (water) according to Viginoski (2013). To measure relative
density, place a few drops soft the liquid sample on the prism, then close the cover plate and make sure the sample
spreads across the prism without air bubbles or dry spots. Wait for about 30 seconds to let the reading stabilize. Align
the prism assembly with the light source, look into the eyepiece and you can get the reading. The refractometer is
calibrated for use at 20 °C, therefore, in the case of fluid being at another temperature, correction of the measured value
should be made. Furthermore, the refractometer presents a distortion in the reading wort fermented, i.e., in the presence
of ethanol and carbon dioxide (CO,). Therefore, it is necessary to correct the values obtained. The instruments used for
measurements are shown in Tab. 3.


https://en.wikipedia.org/wiki/Archimedes'_principle
https://en.wikipedia.org/wiki/Graduated_cylinder

25" ABCM International Congress of Mechanical Engineering
October 20-25, 2019, Uberlandia, MG, Brazil

Table 3. List of measuring instruments.

Description Model Operating range Uncertainty
Hydrometer Incoterm 1.000 - 1.100 g/ml +1g/ml
Refractometer ATC 0 - 32 % Brix + 0.2 Brix
Thermometer Salvi 0-120°C +0.5°C

The wort was fermented in the range of 8 to 12 °C during 12 days. The measurements of temperature and density
were performed daily and logged in a spreadsheet. Figure 4 shows the results of the three methods applied to measure
the wort density. It is possible to observe that the tendency of the proposed digital hydrometer is close to that presented
in the conventional hydrometer. However, the refractometer showed greater dispersion since it has a deficiency in
measuring the wort density in the presence of alcohol and CO,, according to Kunze (2014).
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Figure 4. Wort density measured results for the three applied.

Figure 5 presents the behavior of the wort density during the 12 days period. In this case, it was possible to identify
a high dispersion in the measurements. This occurred due to the allowed temperature variation of up to 4 degrees
Celsius in the fermentation tank and also by electrical noise caused by the power supply of the pressure sensors.
However, the average tendency curve was consistent with the curve proposed by Kunze (2014) and has a concordance
with the mean curve with the conventional hydrometer presented in Fig. 4.
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Figure 5. Results wort density measurements with digital hydrometer proposed.
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6. UNCERTAINTY: ACCURACY OF RESULTS

The pressure measurement to determine the wort density is quasi-static, since the pressure values are collected from
predetermined periods of time. The density determination presented in Eqg. (2) depends on local gravitational
acceleration (g), the vertical distance between the two pressure sensors (h), and the pressure difference (p) measured
between the two sensors. Each measured value has some uncertainty and to estimate the overall uncertainty, it assumes
that each uncertainty is small enough according to first-order Taylor expansion. Under this approximation, the overall
uncertainty is a linear function of the independent variables and this approach was established by S. J. Kline and F. A.
McClintock (Beckwith et al., 1993).

In accord to JCGM GUM (2008), the uncertainty parameter characterizes the dispersion of the measured values in
the experimental evaluation. In this work, the measured density depends on three variables which attend the quasi-static
state and a combined standard uncertainty are used. This uncertainty is equal to the positive square root of a sum of the
variances from the quantities weighted according to the measurement evaluation with changes in these quantities. The
Eqg. (3) shows a generic function Y which is determined from N other quantities.

Y = f(xq, x5, 0, xn) 3)

Assuming that each variable is independent, the standard uncertainty of y (the estimate of the measurand Y) is
described from the combination of the standard uncertainties of the input estimates as shown in Eq. (4).

u2() = 2 (2) w2t @

where f is the generic function from Eq. (2) and each u(xi) quantities represent the standard uncertainty evaluated
according to Type A (or Type B) evaluation. In this present paper, in the experimental evaluation was collected from
predetermined periods of time and obtained from repeated observations; so Type A evaluation was applied. Expanding
the Eq. (4) results in Eq. (5).

u = j(;%ul)z F(Zw) ot (Zu) )

where uy is the uncertainty in Y, y is the calculated result, x is the independently measured variables and u is the
uncertainty of each measured. The nonlinearity is not significant in the pressure calculation model, then the higher-
order terms in the Taylor series expansion were not included in the expression of the standard combined uncertainty.
The Eq. (5) is applied to Eq. (2) to obtain the Eq. (6).

o= (G on)+ (200) "+ (on) ©
Expanding the terms, it results in Eq. (7).
fp = \[ (Gr) + (= o)+ (~ przn) ()

The pressure measurement is conducted using a sensor which operates within the 0 — 10 kPa range in a 14 to bit A/D
converter with the resolution of 1/16348 divisions and measuring a range of 0 to 5V, resulting in an accuracy of the
pressure measurement of 0.61 Pa. Considering h = 1 m £1 mm, g = 9.81 m/s? +0,01 m/s? and p = 10000 Pa + 0,61 Pa,
the total uncertainty of density, from the Eq. (7) is 0,15 % fs.

7. CONCLUSIONS

In this paper, a novel device is proposed to measure wort density in a real-time and continuous fashion. The
evaluation of the device was conducted by measuring the wort density during the whole process of fermentation of a
Doppelbock lager. The density variation was monitored for 12 days, identifying a variation of 0.048 in the relative
density, which results in 6.3 % of abv, which is consistent with the selected beer style.

The results obtained using the proposed digital hydrometer were compared with other devices commonly used by
breweries to measure the wort density during the fermentation process. The proposed device performed well, obtaining
results close to those measured with the conventional hydrometer, with a maximum deviation of 0.37 % at the
beginning of the process. The results show that the implementation of the proposed solution by craft and commercial
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breweries is feasible since it permits continuous monitoring of fermentation, optimization of process time, and
measured data history.
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