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POUZITi REFRAKTOMETRIE PRO SLEDOVANiI PRUBEHU KVASENI

CONVENIENT MONITORING OF BREWERY FERMENTATION COURSE BY
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Savel, J. — Kosin, P. — Broz, A. — Sigler, K.: Pouziti refraktometrie pro sledovani priibéhu kvaseni. Kvasny Prum. 55, 2009, &. 4, s. 94-99.

Pribéh kvaseni mladiny se nejcastéji sleduje mérenim hustoty ponornym sacharometrem nebo digitalnim hustomérem, ¢asto se také ana-
lyzuji vzorky klasickou analyzou, nebo automatickym analyzatorem. Jinou moznosti je méreni refrakce v pribéhu kvaseni. Pfi znalosti pU-
vodni refrakce nebo plvodniho extraktu mladiny refrakce uréuje jednoznaéné zdanlivy extrakt nebo stupen prokvaseni. Podobné jako pfi mé-
feni sacharometrem, opatfenym stupnici v hmotnostnich procentech sacharosy, Ize pouzit refraktometr se stupnici ve stupnich podle Brixe.
V rozsahu 0—16 % hm. sacharosy a 0—8 % ethanolu je refrakce linearni funkci jejich koncentrace, coz umozriuje vypocitat koncentraci alko-
holu, skute¢ného extraktu a posléze i zdanlivého extraktu v pribéhu kvadeni z hodnot aktualni a pdvodni refrakce. Uvadéji se pfiklady mé-
feni i kalibrace pfristroje. K méreni Ize pouzit jednoduché a levné refraktometry s vypocetni kompenzaci vlivu teploty.

Savel, J. — Kosin, P. — Broz, A. — Sigler, K.: Convenient Monitoring Of Brewery Fermentation Course By Refractometry. Kvasny Prum.
55, 2009, No. 4, p. 94-99.

The course of wort fermentation is most often monitored by measuring density by immersion saccharometer or digital densitometer; other
methods include classical analysis or automatic analyzers. Another possibility is the measurement of refraction in the course of fermenta-
tion. When the original refraction or wort extract is known, refraction unambiguously determines the apparent extract or degree of attenua-
tion. A refractometer with a scale in Brix degrees can be used similarly as a saccharometer having a scale in mass percent of sucrose. In
the range of 0-16 mass % sucrose and 0—8 % ethanol refraction is a linear function of concentration; this allows us to calculate concentra-
tion of ethanol, real extract and also an apparent extract in the course of fermentation from the values of actual and original refraction. Exam-
ples are given of measurement and instrument calibration. The measurements can be done with simple and inexpensive refractometers with
computing compensation of the effect of temperature.

Savel, J. — Kosin, P. — Broz, A. — Sigler, K.: Die Refraktometrieanwendung fiir die Verfolgung des Garungsprozesses. Kvasny Prum.
55, 2009, Nr. 4, S. 94-99.

Fur eine Verfolgung des Garungsprozesses werden am meisten eine Dichtemessung mittels Eintauchrefraktometers oder digitalen Di-
chtigkeitsmessers angewandt, sonst werden auch Messungen mittels klassischen Analysen oder automatischen Analysators durchgefihrt.
Eine Refraktionsmessung im Laufe der Hauptgérung stellt jedoch die andere Mdéglichkeit dar. Mit der Kenntnis des urspriinglichen Refrakti-
onswertes oder Wirzeextrakts kann die Refraktion den scheinbaren Extrakt oder Vergarungsgrad eindeutig bestimmen. Ahnlich, wie bei der
Messung mit dem Saccharimeter kann auch ein Refraktometer mit der Brixe’s Skala angewandt werden. Im Bereich 0—16 % (gew.) Sac-
charose und 0-8 % Ethylalkohol ist die Refraktion eine Linearfunktion der ihrer Konzentration, was aus den Werten urspringlicher und ak-
tueller Refraktion eine Rechnung der Ethylalkoholkonzentration, wirkliches Extraktes und spéter auch des scheinbaren Extraktes ermdglicht.
In dem Artikel werden Beispiele der Messung und der Eichung des Gerétes beigefuhrt. Zur Messung der Refraktion kdnnen auch die einfa-

chen und billigen Gerate mit einer Rechnung der Temperaturkompensation angewandt werden.
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1 UvoD

Sledovani priibéhu kvaseni je nutné v laboratornich testech i pfi
vyrobé piva. Pro fizeni kvasného procesu maji rozhodujici vyznam
stupen zdanlivého nebo skute€ného prokvaseni a jejich zmény pfi
kvaSeni. Pribéh kvaseni jedné kvasné davky se znamou puavodni
koncentraci mladiny se €asto sleduje pouze pravidelnym méfenim
hustoty ponornym sacharometrem.

Plvodni Ballingliv sacharometr se zakladal na udajich Ballingovy
tabulky, uvadgjici zavislost koncentrace sacharosy na hustoté cuker-
ného roztoku pfi 17,5 °C. Tuto zavislost pozdéji opravil Brix a vzniklé
Brixovy stupné se rozSifily zejména v cukrovarnictvi. Ballingovy
stupné (°Bg) v pivovarstvi upravil Plato, coz vedlo k dosud uzivanym
stupnim Plato (°P, Plato). Nastésti se tyto stupnice vzajemné lisi jen
malo, takze Ize v sou€asnosti pouzit spole¢ny udaj v hmotnostnich
procentech koncentrace roztoku sacharosy. Méfeni ponornym sa-
charometrem je oblibené zejména v malych pivovarech nebo pfi do-
maci vyrobé piva.

V podstaté Ize pfi vyrobé piva vystacit s dvéma pfistroji, teplomé-
rem a ponornym sacharometrem. VétSinou se z kvasnych nadob ode-
biraji vzorky kvasiciho média a v nich stanovuji zdanlivy extrakt nebo
stupen prokvaseni, popt. pfi podrobné&;jsi kontrole i dalSi hodnoty, jako
pocet bunék, pH, barva, koncentrace diacetylu apod. Pfes jednodu-
chost méreni sacharometrem je nutné zvazit i jeho nevyhody, nebot
pro presnéjsi méreni se vzorky musi filtrovat a dekarbonizovat.

Tyto nedostatky se eliminuji postupy bez odbéru vzorku nebo mé-
fenim pfimo v kvasné nadobé. Mezi méfeni bez odbéru vzorku patfi
méfeni prdtoku uvolnéného mnozstvi oxidu uhli¢itého a jeho inte-
grace, méfeni rozdilu tlaku v rliznych vyskach kvasici mladiny, nebo
pfimo obsahu alkoholu v unikajicim kvasném plynu. Také je mozné
pribézné cirkulovat vzorek mezi kvasnou nadobou a vhodnym ¢id-
lem, napf. digitalnim hustomérem.

Keywords: wort, fermentation, refractometry, extract

1 INTRODUCTION

Monitoring of fermentation course is needed both in laboratory tests
and in brewery. Factors decisive for controlling and directing the fer-
mentation are the degree of apparent or actual wort attenuation and
their changes during the fermentation process. The course of fer-
mentation of a single fermentation batch with known initial (original)
wort concentration is often checked merely by regularly measuring
the wort gravity by immersed saccharometer.

The original Balling’s saccharometer was based on the data in Bal-
ling’s table, which gives the dependence of sucrose concentration on
the density of a sugar solution at 17.5 °C. This dependence was la-
ter corrected by Brix and the resulting Brix degrees became widely
used mostly in sugar production. Balling degrees (°Bg) in brewery
were modified by Plato; this gave rise to the still used degrees Plato
(°P, Plato). Fortunately, these two scales differ only marginally and it
is thus possible to use the sucrose concentration in solution in mass
percent. Measurement by immersion saccharometers is widely used
especially in smaller breweries and in homebrewing.

In brewing, one can make do basically with two instruments —a ther-
mometer and a saccharometer. Usually, samples of the fermenting
wort are collected from fermentation vessels and the apparent ex-
tract or degree of attenuation is determined; other data gathered in
more detailed monitoring modes include, e.g., cell count, pH, color,
diacetyl concentration, and other parameters. Though simple, the use
of saccharometer has its problems because for more exact measu-
rements the samples have to be filtered and decarbonized.

These drawbacks are eliminated by using procedures without sam-
pling or measurements directly in the fermentation vessel. Measure-
ments without sampling include the determination of the flow rate of
liberated carbon dioxide and its integration, measurement of a diffe-
rence in wort pressure at different wort heights, or direct measure-
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K tomuto ucelu také slouzi tzv. vazkova analyza kvaseni, umoznu-
jici kontinudlIni stanoveni pozadovanych hodnot podle zmény hmot-
nosti kvasné nadoby [1]. Tato metoda je pouzitelna pro velké i malé
kvasné objemy, jeji nevyhodou je o néco nizsi pfesnost ve srovnani
s klasickymi metodami.

V soucasnosti je destilaéni stanoveni alkoholu a hustoty piva za-
kladni metodou pivovarské analyzy [2]. Klasickou destilaci Ize vyrazné
zkratit postupy s prfehanénim vodni parou [3]. S vyvojem rychlych
a presnych digitalnich hustomérl je nyni mozné v kombinaci se spekt-
rometrii v blizké infraCervené oblasti (NIR) nebo alkoholovym senzo-
rem stanovit rychle a pfesné zékladni hodnoty, odvozené od Ballin-
gova vzorce [4]. Pro sledovani pribéhu hlavniho kvaseni postacuje
i pfimé mérfeni ponornou sondou NIR spektrometru.

V malych pivovarech se pribéh kvaseni nejcastéji sleduje ponor-
nym hustomérem, vysledky v§ak zaviseji na obsahu oxidu uhli¢itého
a pozaduje se relativné velké mnozstvi vzorku. Misto klasického po-
norného sacharometru Ize pouzit ruéni denzitometr s automatickou
korekci hodnot na teplotu vzorku, jeho cena je vSak vyrazné vyssi.

Pfi dalsim poklesu objemu kvasnych davek v laboratornim nebo
domacim kva$eni je jiz méfeni sacharometrem nemozné. Kromé jiz
zminéné vazkové analyzy kvaSeni Ize vyuzit i refraktometrii, pracujici
i s objemy vzorku okolo 1 ml a méné. Postup se zaklada na stejné
strategii jako pfi méfeni sacharometrem a méfi refrakci odebranych
vzork( pfi znalosti plvodniho extraktu nebo refrakce vzorku pred kva-
Senim [5].

Kromé kontroly hustoty sacharometrem se refraktometrie v pivo-
varské kontrole tradi¢né pouzivala, ale pozdéji ji vytlagila denzito-
metrie. V soucasnosti se refraktometrie miize uplatnit zejména jako
rychla, jednoducha a relativné levna metoda. K dispozici jsou malé
refraktometry bez temperace vzorku, ale korigujici vysledek méfeni
podle jeho teploty.

Ucelem tohoto €lanku je navrhnout metodu méfeni priibéhu kva-
Seni v laboratornich podminkach s pouzitim levného refraktometru
udavajiciho pfimo koncentraci extraktu v hmotnostnich procentech
sacharosy (stupné podle Brixe nebo Plato) s vyuzitim jednoduchych
vypocetnich vztahu.

2 MATERIAL A METODY

2.1 Teoreticka cast

Zakladni veli¢inou refraktometrie je index lomu n, souvisejici s po-
vahou a hustotou mérené Gisté latky nebo jejiho roztoku a zavisejici
také na teploté a tlaku. NejCastéji se udava hodnota indexu lomu pfi
pfechodu svétla ze vzduchu do kapaliny pfi teploté 20 °C. Index lomu
rovnéz zavisi na vinové délce pouzitého svétla.

Index lomu latky je dllezita fyzikalni veli€ina, slouzici k charakteri-
zaci chemického individua. Tzv. specificka refrakce latky souvisi s jeji
hustotou podle vztahu:

(1) f(n=Rs.p

kde n je index lomu, Rs je specificka refrakce a p je hustota. Spe-
cificka refrakce nezavisi na teploté a tlaku. Povahu funkce f (n) sta-
novil jiz Newton a pozdéji teoreticky zddvodnil Laplace v Newton-La-
placeové vztahu:

@) R="=1
P

Jini autofi uvedli dalsi modifikace funkce f (n), napt. podle Glad-
stone-Daleova vztahu:

popft. podle vztahu Lorentze-Lorentze:

4) R=r-1 1
m+2 p

Prehled téchto a dalich vztaht uvadi zndma monografie, zabyva-
jici se refraktometrii [6]. V praxi maji velky vyznam diagramy indexu
lomu/slozZeni pro binarni smési, zejména roztoky sacharosy a etha-
nolu. Tvar kfivek zavisi na povaze roztok(, na jejich vzajemné inter-
akci pfi tvorbé roztoku a zpUsobu vyjadreni koncentrace téchto latek.
Tyto kfivky mohou byt linearni, mit extrémy, zlomy (singularni body),
nebo inflexni body. PFiklady kfivek pro roztoky sacharosy a ethanolu

ment of alcohol content in the released fermentation gasses. Anot-
her possibility is to circulate the sample continuously between the fer-
mentation vessel and a suitable sensor such as digital densitometer.

A useful method in this context is the gravimetric analysis of fer-
mentation, which permits a continuous determination of fermentation
parameters from changes in the weight of the fermentation vessel
[1]. The method can be used with both large and small volumes; its
disadvantage is a somewhat lower accuracy when compared to clas-
sical methods.

At present, distillation determination of alcohol and measurement
of beer density represent the basic methods of brewery analysis [2].
Classical distillation can be substantially shortened by using steam
distillation [3]. The currently available fast and accurate digital densi-
tometers make it possible, in combination with near infrared (NIR)
spectrometry or alcohol sensor, to determine rapidly and accurately
the basic values derived from the Balling formula [4]. The course of
main fermentation can be monitored with sufficient precision by a di-
rect measurement with an immersion probe of a NIR spectrometer.

In small breweries, the course of fermentation is most often monito-
red by hydrometer. The results of the measurement then depend on the
content of carbon dioxide and the measurement requires a relatively
large sample volume. The classical saccharometer can be replaced by
manual densitometer with an automatic correction for sample tempe-
rature. This instrument is, however, substantially more expensive.

When the sample volumes are further reduced, whether in ho-
mebrewing or in the laboratory, saccharometer can no longer be used.
Apart from the weight analysis mentioned above one can use re-
fractometry that requires samples of 1 ml volume or less. The pro-
cedure is basically identical with the strategy used for saccharome-
ter measurements and includes measuring the refraction of collected
samples, with the knowledge of original extract or refraction of the
samples prior to fermentation [5].

Refractometry has traditionally been used in monitoring brewery
fermentations but has been later superseded by densitometry. At pre-
sent, refractometry can be employed as a fast, simple and relatively
low-cost method. Available are, e.g., small refractometers without
sample temperature control that, however, correct the results of the
measurement according to sample temperature.

We propose here a method for monitoring the course of fermen-
tation under laboratory conditions by using an inexpensive refracto-
meter that provides direct information on extract concentration in
mass percent of sucrose (Brix or Plato degrees) based on simple cal-
culations.

2 MATERIALS AND METHODS

2.1 Theoretical background

The basic quantity in refractometry is refractive index n that is as-
sociated with the nature and density of the measured pure substance
or its solution, and depends also on temperature and pressure. The
most frequently used refractive index value is that for transition of
light from air to a fluid at 20 °C. Refractive index depends also on the
wavelength of the light.

The refractive index of a substance is an important physical quan-
tity that serves for characterizing a chemical species. The so-called
specific refraction of a substance is related to its density by the for-
mula:

(1) f(n=Rs.p

where n is the refractive index, Rs is specific refraction and p is
density. Specific refraction does not depend on temperature and pres-
sure. The nature of the function f (n) was determined by Newton and
later theoretically defined by Laplace in the Newton-Laplace formula:

@ R=m-1
p

Other authors provided further modifications of the f (n) function,
e.g. in the Gladstone-Dale equation:
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uvadi obr. 1, pro porovnani jsou znazornény také hustoty téchto roz-
tokl (obr. 2).

V idedlnich soustavach (pfi jejichz vzniku nedochazi ke zméné ob-
jemu a polarizovatelnosti slozek) je zavislost indexu lomu na slozeni
velmi blizka pfimkové, jestlize je slozeni vyjadfeno v objemovych
zlomcich a plati pravidlo o aditivité indexu lomu [6].

V pivovarstvi se zméfené hodnoty udavaji pfimo v hodnotach in-
dexu lomu (Rl — Refractive Index), u starSich ponornych refraktometru
byla bézna tzv. Zeissova stupnice (100 dilkd), nebo se pfimo zobra-
zovaly Brixovy stupné, udavajici hmotnostni koncentraci sacharosy
a pfiblizné se rovnajici stuprfium Plato.

Mezi dilky Zeissovy stupnice a indexem lomu plati vztah:

(5) y=2964,563 — 7007,752 . x + 3596,889 . x?

kde x je index lomu roztoku pfi 20 °C a y jsou dilky Zeissovy stup-
nice [7].

Refraktometr se stupnici v Zeissovych dilcich se nastavoval na re-
frakci destilované vody pfi 20 °C, které odpovida hodnota 14,5, u né-
kterych pfistrojl také 15,0 dilku. Proti této hodnoté se zaznamenavala
odectena refrakce roztoku a z ni poCitala koncentrace rozpusténé latky.

Pro vypocet analyzy piva se pouzivaly rlizné vzorce, vyjadfujici
vztah mezi hustotou a refrakci vzorku [6, 8]. Analytica EBC napf. uvadi
obecny vzorec ve tvaru:

(6) Alkohol (%0bj.) = A(SR— WR) — B(PG) — C

kde SR je refrakce v empirické stupnici Zeissova refraktometru pfi
20 °C, WR je refrakce destilované vody, PG = 1000*(SG-1), kde SG
je relativni hustota vzorku 20/20 °C. Hodnoty konstant A, B, C se zis-
kaji multilinearni regresi dat ze soubé&znych refraktometrickych a de-
stilacnich analyz.

Pro sledovani pribéhu kvaseni vétSinou postacuje nizs§i presnost
vysledk(, a proto je mozné pouzit pro vypocet zjednodu$ujicich pred-
pokladl, napf. platnosti linearni aditivni zavislosti mezi pfispévky re-
frakce pochazejici od sacharosy i ethanolu podle vztahu:

(7) R=ky .En+ k. A

kde R je refrakce roztoku v Brixovych stupnich (koncentrace sa-
charosy v % hm.), Ex je skute€ny extrakt, A je alkohol v hmotnost-
nich procentech a k;, k, jsou konstanty umérnosti. Grafické znazor-
néni koncentranich zavislosti rozdili indexu lomu roztoki
a destilované vody pro sacharosu a ethanol uvadi obr. 3. Podle téchto
dat mél podil smérnic pfimek pro ethanol (0 az 8 % hm.) a sacha-
rosu (0 az 16 % hm.), odpovidajici konstanté k,, hodnotu asi 0,45,
konstanta k; by méla mit ve stupnici Brixi hodnotu 1.
nimi roztoky sacharosy, ethanolu i vzorky sladiny a mladiny
pfimo pouzivanym refraktometrem. V dal§im postupu se vyuziva li-
nearni zavislosti (7), zamyslené pro sledovani pribéhu kvaseni jed-
noduchym refraktometrem bez temperace vzorku.

Podle Ballingova vzorce plati:

8) (P-Eze.A

kde P je puvodni extrakt v % hm., Eg je skuteCny extrakt, A je al-
kohol a e je vytéznostni koeficient extrakt/alkohol (podle Ballinga je
e =2,0665). Pivodnimu extraktu P odpovida pavodni refrakce mla-
diny R, podle:

All these and other equations are given in a well-known monograph
on refractometry [6]. Important for practical use are the diagrams of
refractive index versus composition of binary mixtures, especially suc-
rose and ethanol solutions. The shape of the curves depends on the
nature of the solutions, mutual interaction of solution components and
the manner of expression of their concentrations. The curves can be
rectilinear, or can have extremes, breaks (singularity points) or in-
flection points. Fig. 1 shows examples of the curves for sucrose and
ethanol solutions; the densities of the solutions are given in Fig. 2 for
comparison.

In ideal systems, whose formation is not accompanied by changes
in volume and polarizability of the components, the dependence of
refractive index on composition is very nearly linear if the composi-
tion is expressed in volume fractions and the refractive index additi-
vity rule holds [6].

In brewing, the measured values are presented directly as Rl —
Refractive Index, older immersion refractometers were equipped with
so-called Zeiss scale (100 divisions) or showed directly Brix degrees
that give the mass concentration of sucrose and are approximately
equal to degrees Plato.

The divisions of the Zeiss scale are related to the refractive index
by the formula:

(5) y=2964.563 — 7007.752 . x + 3596.889 . x*

where x is the refractive index of a solution at 20 °C and y are Ze-
iss scale divisions [7].

A refractometer with the Zeiss scale was adjusted to the refraction
of distilled water at 20 °C, which corresponded mostly to the value of
14.5, in some instruments also 15.0 divisions. The solutions refrac-
tion read on the instrument was plotted against this value and the
concentration of the dissolved substance was calculated from it.

Different formulas expressing the relationship between sample
density and refraction have been used in brewing [6, 8]. For instance,
Analytica EBC gives the general formula:

(6) Alcohol (%vol) = A(SR— WR) — B(PG) — C

where SR is refraction in the empirical scale of the Zeiss refracto-
meter at 20 °C, WR is refraction of distilled water, PG = 1000*(SG-
1), where SG is a relative density of the sample at 20/20 °C. The con-
stants A, Band C are obtained by multilinear regression of data from
refractometric and distillation analyses.

Monitoring of fermentation course is usually satisfactory even with
lower-accuracy data and the calculation can therefore be done by
using simplifying assumptions of, e.g., linear additive relationship bet-
ween the contributions of refraction due to sucrose and that due to
ethanol, according to the formula:

(7) R=ki . Er+ ks . A

where R is refraction of the solution in Brix degrees (sucrose con-
centration in mass %), Egis the real extract, A is alcohol in mass per-
cent and k;, k; are proportionality constants. Graphical illustration of
concentration dependences of the differences between the refractive
indices of sucrose and ethanol solutions and distilled water is given
in Fig. 3. According to these data the ratio of slopes of lines for et-
hanol (0 to 8 mass %) and sucrose (0 to 16 mass %), corresponding
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Obr. 1/ Zavislost indexu lomu na koncentraci ethanolu a sacharosy
pfi 20 °C/ Fig. 1 Dependence of refractive index on ethanol and suc-
rose concentration at 20 °C

Obr. 2 / Zavislost hustoty na koncentraci ethanolu a sacharosy pfi
20 °C / Fig. 2 Dependence of density on ethanol and sucrose con-
centration at 20 °C



KVASNY PRUMYSL
roc¢. 55 /2009 — ¢islo 4

97

0,03

0,025 -

o
o
o

o
o
=
@

=O=EtOH
=C~SACH

difference

Rozdil indexu lomu/Refractive index
o
<

0,005 -

T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16

Koncentrace/Concentration (% hm.)
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ethanol a sacharosu pfi 20 °C / Fig. 3 Concentration dependence of
a difference between the refractive index of solutions and distilled wa-
ter for ethanol and sucrose at 20 °C

(9) Ro: k1 . P
Z téchto vztah(l plynou vzorce pro zpétny vypocet alkoholu a sku-
te€¢ného extraktu z hodnot plvodni a namérené refrakce:
R,— R
10) A= —>——
(10) e.k—ke

e A_ k>
e.ki—ky ' ki(e .k — k)

(1) Er= Ry

kde R je refrakce roztoku v Brixovych stupnich, R, je refrakce za-
kvasené mladiny, k; a k; jsou konstanty umérnosti podle vztahu (7)
a e je vytéznostni koeficient extrakt/alkohol.

Z téchto vztah( plyne linearni zavislost mezi obsahem alkoholu
nebo skute¢ného extraktu a hodnotou R v prabéhu kvaseni mladiny
se stejnou pocatecéni refrakci R,. Ze zjisténych hodnot A a Eg se
snadno vypocte stupen skute¢ného prokvaseni:

P- Eq
P

(12) ps=100.

kde ps je stupen skute¢ného prokvaseni, ostatni symboly stejné
jako v pfedchazejicim vztahu.

Z predchozich vztahU také vyplyva pro stupen skute¢ného pro-
kvaseni vztah:

e. k (RO—H>
13) p.=100. .
(13) p e ki—k \ R

Z hodnot A a Eg Ize také spocitat hodnoty zdanlivého prokvaseni
podle postupu uvedeného v ¢lanku o vazkové analyze. Ze ziskanych
hodnot alkoholu a skute¢ného extraktu podle (10) a (11) se s pouzi-
tim polynomickych vztah(l vypoctou jejich pfislusné relativni hustoty,
z nich relativni hustota vzorku podle Tabarie a posléze zdanlivy ex-
trakt a stupen zdanlivého prokvaseni [1].

Vzorce (10) a (11) Ize pouzit pfi znalosti hodnoty refrakce neza-
kvaSené mladiny, ¢asto je vSak misto toho znama hodnota plvod-
niho extraktu, ze které je mozné vypocitat vSechny potfebné para-
metry prabéhu kvaseni s pouzitim vztahu (9)

k1 1

(14) A_e.k1—k2'P_e.k1—kz'R_a'P_’B'R
e k>

(15) ER_e.k1— kz'R_e.k1— kz.P_y.R—é.P

Ke kalibraci metody se pouziji vzorky z kvaseni mladin s rliznou
puvodni koncentraci a ze znamych vysledk( analyz se linearni regresi
ziskaji konstanty o, B, y, 8 umozuijici vypocitat priibéh kvaseni z mé-
feni refrakce. Hodnoty kalibraénich konstant umoznuji vypocitat i za-
kladni konstanty k; a k,, které Ize také odhadnout podle multilinearni
regrese v datech ze souboru kvasicich mladin pfimo podle vztahu (7).

U obou postupl se predpoklada pro uvazovany Usek kvaseni plat-
nost vztahu (7) s nulovou refrakci i koncentracemi alkoholu a sku-
te€ného extraktu v pocatku. Pfi omezeni rozsahu méreni mimo po-
Catek lze pfidat do vzorce (7) aditivni konstantu, a tim zpfesnit
vypocet. Podobné Ize linearni zavislosti (14,15) nahradit polynomic-

to constant k; is about 0.45, constant k; should be equal to 1 in the
Brix scale.

The values of k; and k. are more suitably determined experimen-
tally with standard solutions of sucrose, ethanol and wort by using
the refractometer employed for monitoring. Further procedure inclu-
des using the linear function (7) intended for monitoring the course
of fermentation by a simple refractometer without sample tempera-
ture control.

According to the Balling formula it holds:

@®) (P-Ep=ze.A

where P is original extract in mass %, Eg is the real extract, A is
alcohol and e is the extract/alcohol yield coefficient (according to Bal-
ling e = 2.0665). The original extract P corresponds to original wort
refraction R, according to:

9) Ro=ki.P

These relationships yield formulas for the back calculation of al-
cohol and real extract levels from the values of original and measu-
red refraction:

Ry— R

(10) A=e.k1—k2

e ko

1) Eg= .R-
(1) En 6.k —k k(e .k — k)

. Ro

where R is refraction of the solution in Brix degrees, R, is refrac-
tion of fermenting wort, k; and k. are proportionality constants accor-
ding to formula (7) and e is the extract/alcohol yield coefficient.

These equations give rise to a linear relationship between the con-
tent of alcohol or real extract and the value of R in the course of fer-
mentation of wort with the same initial refraction R,. The values A and
Er so found then serve for a simple calculation of the degree of real
attenuation:

P- Ex
P

(12) ps=100.

where p; is the degree of real attenuation, other symbols are the
same as in the preceding formula.

Based on the above relationships the degree of real attenuation is
given by the formula:

e. k (RO—F{>
13) p.=100. .
(13) ps=100 . 2=— | =g

The values A and Eg can also be used to calculate the values of
apparent attenuation by using the procedure described in the paper
about weight analysis [1]. Using polynomial relationships, the values
for alcohol and real extract obtained according to (10) and (11) can
be used to calculate the corresponding relative densities, from them
the relative sample density according to Tabarie and then the appa-
rent extract and degree of apparent attenuation [1].

Formulas (10) and (11) can be used when the refraction of unfer-
mented wort is known. However, the parameter usually known in-
stead is the value of the original extract, from which all necessary pa-
rameters of the fermentation course can be calculated by using
formula (9)

K, 1
14) A= P- R=a.P-B.R
(A=~ P er-n a.P=p

e k>
(18) En=ge—p - R-g = -P=7-R-3.P

Calibration of the method can be done by using samples from fer-
mentations of worts with different original concentration. Using known
results of analyses, linear regression can be employed to obtain con-
stants a, B, y and & that make it possible to calculate the course of
the fermentation from refraction measurements. The calibration con-
stants allow the calculation of basic constants k; and k,, which can
also be directly estimated by multilinear regression of data from the
set of fermenting worts according to formula (7).

For both procedures, the formula (7) with zero initial refraction and
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kymi vztahy, coz je zejména vyhodné u pfesnych refraktometr( s tem-
peraci vzorku, nebot se tim vyrazné zvysi celkova presnost analyzy.

2.2 Pristroje
Analyzator piva
Automaticky analyzator piva SCABA 5610 (Foss, Dansko).
Refraktometr

Digitalni ru¢ni laboratorni refraktometr DR 301-95, bez temperace
vzorku, ale s vypocetni korekci, umoznujici pfepocet refrakce mérené
pfi teploté vzorku na 20 °C s rozsahem pfistroje 0 az 95 % hm. a uda-
vanou presnosti méfeni £ 0,1 °Brix (A. Kriiss Optronic, Némecko).

3 VYSLEDKY A DISKUSE

3.1 Kalibrace pfristroje

Ke kalibraci se pouzilo nékolik desitek provoznich vzorkl vycep-
nich piv a lezak(, denné odebiranych z cylindrokénickych tankd, v ni-
chz se stanovovaly hodnoty plvodniho, zdanlivého i skuteéného ex-
traktu a soubézné& zaznamenavaly dal$i hodnoty, napf. stupné
skute¢ného a zdanlivého prokvaseni. Vzorky se pfed méfenim zfilt-
rovaly a zbavily oxidu uhli¢itého vytfepanim.

Tento datovy soubor se zpracoval multilinearni regresi programem
Microsoft Excel. Dosazenim kalibraénich konstant o, B, v, & do vztah(
(14) a (15) se ziskaly jednoduché vzorce pro zpétny vypocet hodnot
alkoholu a skute¢ného extraktu (16,17) a z nich i stupné zdanlivého
a skute¢ného prokvaseni.

(16) A=0,67062 .P~-0,66091.R
(17) Eg=1,27582 . R—-0,29388 . P

Ciselné konstanty ve vztahu (16) by teoreticky (k; = 1) mély mit
stejné hodnoty, odchylky jsou zpUsobeny vyrovnavanim regresivni
metodou s cilem dosahnout co nejlepsi shody vysledk(l. Podobné se
na stejném souboru ziskaly hodnoty konstant k; = 1,01355 a k, =
0,44552, coz je blizké jiz odhadnutym konstantam pro koncentraéni
zavislost roztokd sacharosy (k; =1) a ethanolu (k, = 0,45).

Zdanlivy extrakt a zdanlivé prokvaseni se z hodnot A, Ex vypoCetly
pfevedenim na odpovidajici hustoty a z nich se ze vzorce podle Ta-
barie ziskaly zdanliva hustota a zdanlivy extrakt podle dfive uverej-
néného postupu [1]. K verifikaci t&échto hodnot se vypoctené konstanty
pouzily pro podobny soubor sestaveny po dvou mésicich provozu.

Ackoliv Analytica EBC kromé klasické destilaéni metody stanoveni
alkoholu (metoda 9.2.1 pfipousti i jeho refraktometrické stanoveni
(metoda 9.2.3), je zfejmé, Ze Uplny rozbor piva vyzaduje stanoveni
hustoty piva, nebo zbytku po destilaci [2]. Kombinace méfeni hustoty
a refrakce je oblibenou technikou, jeji vysledky se vSak nikdy pfesné
neshodnou s klasickym destilaénim a pyknometrickym mérenim [8].
Tyto odchylky se ¢aste€né odstrani pouzitim odliSnych hodnot kon-
stant ve vypoctovych vzorcich pro rizné druhy piva, nebo zahrnutim
korekénich faktoru.

Stupen prokvaseni se pfi kvaseni v jedné nadobé vypocitava dvo-
jim zpGsobem, bud s pouzitim stalé plvodni koncentrace mladiny,
nebo z vysledkd analyz jednotlivych odebranych vzorkd, v nichz se
v8ak vypoctené hodnoty puvodniho extraktu z opakovanych méfeni
z rliznych fazi kva$eni ponékud lisi.

Protoze se uvedena data ziskavala z Uplnych analyz kazdého
vzorku, pro porovnani se pouzil plvodni extrakt vypocteny pro kazdy
vzorek. Tento postup je napf. vhodny pfi chybéjici kontrole pribéhu
kvaseni automatickym analyzatorem napf. o svatcich nebo v noci, kdy
automaticky analyzator neni v ¢innosti.

Pfes znaéné pokroky v konstrukci digitalnich hustomérd se re-
fraktometrie udrzela jak v laboratorni, tak provozni praxi. Pfispél
k tomu vyvoj modernich refraktometrl se softwarovou eliminaci ne-
zadoucich vlivl a s Peltierovymi ¢lanky, nevyzadujicimi vnéjsi tem-
peracni lazen. Kromé toho je refraktometrie na rozdil od denzitomet-
rie relativné malo citliva na obsah rozpusténého oxidu uhli¢itého, coz
umoznuje analyzovat i nelplné dekarbonizované vzorky.

Zvlasté vyhodna je refraktometrie pro méfeni v malych objemech
vzork(, nebot v krajnim pfipadé Ize index lomu méfit z jedné kapky
vzorku. Tato vlastnost je dulezitd v laboratornich kvasnych testech,
u nichz odbér vétsiho mnozstvi vzorku mlze zkreslit pribéh kvaseni.

Pro tento ucel se s Uspéchem ovérovala refraktometricka metoda
analyzy malych objem0 (1-2 ml) vzork( levnym refraktometrem bez
vlastni temperace, ale s vypocetni korekci na teplotu. Béznou alter-
nativou tohoto postupu je pouziti levného digitalniho denzitometru,
jeho cena je vSak asi dvojndsobna. PFi kontrole priibéhu kvaseni se

alcohol and real extract concentrations is assumed to hold for the
measured fermentation period. When the measurement is carried out
outside the initial period, an additive constant can be added to for-
mula (7) to make the calculation more accurate. The linear functions
(14, 15) can likewise be replaced by polynomial functions; this is es-
pecially advantageous when using exact refractometers with sample
temperature control, since it substantially improves the accuracy of
the analysis.

2.2 Instrumentation
Beer analyzer
Automatic beer analyzer SCABA 5610 (Foss, Denmark).
Refractometer

Digital manual laboratory refractometer DR 301-95 (A. Kriss Op-
tronic, Germany) without sample temperature control but with com-
puting correction permitting the conversion of measured refraction to
a sample temperature of 20 °C. The instrument has the range of 0 to
95 mass % and declared precision of measurement + 0.1 °Brix.

3 RESULTS AND DISCUSSION

3.1 Instrument calibration

Calibration was done using several tens of brewery samples of la-
gers (original gravity 10 and 12 °P) collected daily from cylindroco-
nical vessels. The parameters determined in these samples included
original, apparent and real extract and, in parallel, other quantities
such as the degree of real and apparent attenuation. The samples
were filtered and degassed by shaking before measurement.

This set of data was processed by multilinear regression using the
Microsoft Excel software. Introducing calibration constants o, f, v,
d into formulas (14) a (15) gave simple equations for back computa-
tion of alcohol and real extract levels (16,17) and, from them, the de-
grees of apparent and real attenuation.

(16) A=0.67062 . P—0.66091 . R
(17) Er=1.27582 . R—0.29388 . P

The numerical constants in formula (16) should theoretically (for k,
= 1) be identical; the differences between them are caused by the
adjustment done by the regression method that aims at obtaining the
best agreement among the results. Similarly, the same set of data
gave constants k; = 1.01355 and k, = 0.44552, which are near the
estimated constants for the concentration dependence of sucrose
(k; = 1) and ethanol (k. = 0.45) solutions.

Apparent extract and apparent attenuation were calculated from A,
ERr by conversion to corresponding densities. The Tabarie formula was
then used to obtain apparent density and apparent extract by the pro-
cedure described in [1]. To verify these values we used the constants
calculated in this way for evaluating a similar set of data gathered af-
ter 2 months of operation.

Analytica EBC, in addition to the classical distillation method of al-
cohol determination, (method 9.2.1) permits also refractometric de-
termination (method 9.2.3); however, a complete analysis of beer ob-
viously requires the determination of density of beer or the distillation
residue [2]. A combination of density and refraction measurements
is a popular technique but its results never exactly fit in with the clas-
sical distillation pycnometric measurements [8]. These differences
can partially be eliminated by using different constants in the calcu-
lation formulas for different beer types or by introducing correction
factors.

With fermentations in a single vessel, the degree of attenuation
can be calculated either by using a constant original wort concent-
ration or from the results of analyses of individual samples. In these,
the calculated values of original extract obtained by repeated mea-
surements in different phases of fermentation somewhat differ.

Since the above data were obtained from complete analyses of
each sample, the original extract calculated for each sample was used
for comparison. This procedure is more suitable when checking fer-
mentation course by an automatic analyzer is not available, e.g. on
bank holidays or at night when the automatic analyzer does not ope-
rate.

Despite the considerable progress in the construction of digital den-
sitometers, refractometry is still in use both in the laboratories and in
industrial practice. This is partly due to the developments of advan-
ced refractometers with software elimination of undesirable influen-
ces and with Peltier cells, which do not require external thermosta-
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vyuziva skutec¢nost, ze vysledky rozboru Ize ziskat méfenim jedné
veli¢iny (refrakce nebo hustoty) za pfedpokladu, Ze je znama poca-
te€ni refrakce nebo pdvodni extrakt mladiny pfed zakvasenim.
Sledovani prabéhu kvaseni méfenim hustoty se historicky prosadilo
diky snazsi dostupnosti ponorného sacharometru se stupnici, udava-
jici koncentraci sacharosy, Ize si v8ak pfedstavit podobny postup, vy-
uzivajici udaje refraktometru, opét se stupnici koncentrace sacharosy.
Zakladnim udajem by byla pocate¢ni refrakce R,, ze které by se také
pocital refraktometricky stuper prokvaseni podle vztahu (13).
Dosavadni vysledky prokazaly pouzitelnost metody tam, kde neni
k dispozici automaticky analyzator a vyzaduje se nizsi pfesnost, po-
stacdujici k spolehlivému méfeni stupné prokvaseni, nutnému pro dalsi
technologické opatfeni, napf. pro sudovani. Metoda je také zcela ak-
ceptovatelna pro sledovani pribéhu kvaseni v malych objemech
vzorkU. Vzorky se zbavi oxidu uhli¢itého kratkym protfepanim, pak se
Zfiltruji nebo odstfedi, coz je vyhodné zejména u malych objema.
Soucasna pfistrojova technika nabizi pro rychlé méfeni stupné pro-
kvaSeni také pfesné vahy s ponornym téliskem, ruéni digitalni hu-
stomér a ruéni digitalni refraktometr, oba s korekci na teplotu vzorku.
Radové draz&i pristroje jsou vybaveny temperaci, je$té drazsi vyuzi-
vaji kombinace rtiznych méficich principu. Porovnani metod a postupt
uvadi fab. 1.V tabulce je nutné pfihlédnout k tomu, ze nékteré pfi-
stroje jsou soucasti bézného vybaveni laboratore. Proto se také ne-
zapocitava cena filtrace nebo odstfedovani.
V tabulce se uvadi doba méfeni jednoho vzorku, nebot produkti-
vita préce silné zavisi na mnozstvi zpracovavanych vzork(. Proto se
do uvedené doby nezahrnuje doba odbéru a pfipravy vzorku.
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ting baths. Moreover, in contrast to densitometry, refractometry is re-
latively little affected by the content of dissolved carbon dioxide and
permits therefore the analysis of incompletely decarbonized samples.

Refractometry is especially advantageous for measurements of
small sample volumes as it can be, when needed, performed in
a single sample drop. This is important in laboratory fermentation
tests in which the repeated sampling collection of larger volumes may
negatively affect the outcome of the fermentation.

We have successfully used refractometric analysis of small sam-
ple volumes (1-2 ml) using an inexpensive refractometer without tem-
perature control but with a computational temperature correction.
A common alternative of this procedure is the use of low-cost digital
densitometer, which is, however, twice as expensive. The monitoring
of fermentation course is based on the fact that satisfactory results
can be obtained by measuring a single quantity, either refraction or
density, provided the original refraction or original wort extract before
fermentation are known.

Monitoring the course of fermentation by measuring wort density
has become wide-spread due to the easy availability of immersion
saccharometers with scales in sucrose concentration. One can envi-
sage also a similar procedure based on using refractometers, again
with scales calibrated in sucrose concentration. The basic data would
be the original refraction R,, which would provide the basis for cal-
culating the refractometric degree of attenuation according to formula
(13).

Our results clearly show the usefulness of the method in cases
when automatic analyzer is not available and a lower precision is suf-
ficient for determining reliably the degree of attenuation needed for
introducing further technological measures, e.g. in vatting. The met-
hod is also highly suitable for monitoring fermentation course in small
sample volumes. The samples are freed of carbon dioxide by short
shaking, filtered or centrifuged and measured.

Instruments currently available for fast measurement of attenua-
tion degree include high accuracy scales with immersed body (glass
sinker) based on buoyancy method, manual digital densitometers and
manual digital refractometers, both with sample temperature correc-
tion. Considerably more expensive instruments are then equipped
with temperature control and still more expensive ones make use of
a combination of different measurement principles. Various methods
and procedures are compared in fab. 1. It should be kept in mind that
some of these instruments are parts of conventional laboratory equ-
ipment. The costs of filtration and/or centrifugation are therefore not
included.

The table gives the duration of measurement of a single sample
since the work productivity depends strongly on the number of pro-
cessed samples. The time therefore does not include sample collec-
tion and preparation.
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Tab.1 Porovnani metod a pfistrojii pro méfeni pribéhu hlavniho kvaseni / Comparison of methods and instruments for monitoring the course

of main fermentation

Metodal/pristroj Presnost zdanlivého Objem vzorku / Doba rozboru / Relativni cena pristroje

Method/Instrument extraktu / Accuracy of | Sample volume (ml) Time of analysis (s) | Relative price of
apparent extract (%) instrument

Ponorny hustomér / +0,15 500 30 1

Immersion densitometer

Digitalni ruéni refraktometr / +0,15 2 20 6

Digital manual refractometer

Digitalni ruéni hustomér / +0,15 5az10 20 10

Digital manual densitometer

Vazkova analyza / + 0,25 0 10 10

Gravimetric analysis

Vahy s ponornym téliskem / +0,10 100 40 40

Scales with immersed body

Stolni pfistroje s temperaci / + 0,05 2az5 20 100

Benchtop instruments with

temperature control

Analyzatory piva / + 0,05 50 180 500

Beer analyzers




