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Savel, J. — Kosin, P. — Broz, A.: Vypoget tlaku pfi kvaseni v uzaviené nadobce. Kvasny Prum. 60, 2014, &. 9, s. 233-238

Méreni pretlaku v kvasné nadobce Ize vyuzit pro méfeni aktivity kvasnic i zkvasitelnosti kvasného substratu. Tlakové kvaseni v uza-
viené nadobce také eliminuje Unik vihkosti, ethanolu i CO, pfi kvaseni, ¢imz se zjednodus$uje vypocet stupné prokvaseni ze zméfeného
tlaku. Byl navrzen vypocetni postup vyjadfujici zavislost mezi zmérenym tlakem CO, a slozenim kvasiciho napoje. Platnost vztahu se
ovérovala pfi kvadeni smési substratu s vysokou davkou kvasnic i kvaSeni modelového roztoku sachardzy s pfidavkem sladového vytaz-
ku. Vysledky méfeni umoznuji odhad hodnot tlaku v uzaviené nadobé pfi znamém stupni prokvaseni substratu. Kvaseni pod tlakem CO,
Ize potencionalné vyuzit k méfeni inhibiéniho vlivu obsahu CO, a ethanolu na aktivitu kvasnic, refermentace piva v lahvi i pro pfipravu
sycenych napojli s vysokym obsahem CO, nebo U¢inku dezinfekénich prostredku.

Savel, J. — Kosin, P. — Broz, A.: Calculation of pressure growth during fermentation in a closed container. Kvasny Prum. 60, 2014,
No. 9, pp. 233-238

The pressure measurement in the fermentation container can be used for the determination of the yeast activity or substrate ferment-
ability. Pressure fermentation in sealed container also allows eliminating the influence of moisture, ethanol and CO, escape during fer-
mentation, which simplifies the calculation of the degree of attenuation or saturation of beverage from measured pressure. Calculation
procedure expressing the dependence between the measured pressure of CO, in a closed container and the composition of fermenting
beverages was designed. The calculation was verified in the course of fermentation of sucrose with a high dosage of yeast and at fer-
mentation of model sucrose solution with the addition of malt extract. The measurement allows the estimation of pressure in a closed
vessel after reaching known attenuation degree of fermentation substrate. Fermentation under pressure of CO, can potentially be used
to measure inhibition effedof CO, and ethanol on yeast activity, effect of disinfectant, calculate final pressure at beer refermentation in
the bottle or prepare carbonated beverages having a high content of CO.,.

Savel, J. — Kosin, P. - Broz, A.: Die Druckberechnung wéhrend der Géarung im geschlossenen GefaB. Kvasny Prum. 60, 2014, Nr.9,
S. 233-238

Fur die Messung der Hefeaktivitat oder der Vergérbarkeit des Gérsubstrats ist es méglich, das Uberdruckmessen in einem Géarbehélter
anzuwenden. Das Uberdruckmessen im geschlossenen GeféaB auch ein Entweichen von Feuchtigkeit, Ethanol und CO, wéhrend der
Garung eliminiert, was aus dem gemessenen Drucks die Berechnung des Vergédrungsgrades vereinfacht. Es wurde ein die Abhéngigkeit
zwischen dem CO, gemessenen Druck und der Zusammensetzung des garenden Getrankes beschreibendes Berechnungsverfahren
vorgeschlagen. Die Gliltigkeit des Berechnungsverfahrens wurde wahrend der Garung eines mit hoher Hefedosis enthaltenen Substrats
und auch bei der Gérung der Modelllésung der Saccharose mit Malzextrakts zugabe. Die Messungsergebnisse erméglichen bei dem
bekannten Substratsvergarungsgrad eine Schatzung des Druckes im geschlossenen Gefai3. Die unter CO, Druck gefiihrte Garung kann
zur Messung des CO, Inhibitionsgehalts, Ethanols und ihren Einfluss auf die Hefeaktivitét, auf die wiederholte Flaschenbiergarung und

auch zur Herstellung der kohlensaurehaltigen Getranke angewandt werden.

Klicova slova: kvasnice, tlakové kvaseni, méreni pretlaku CQO,,
vypocet sloZeni substratu, aktivita kvasnic

1 UVOD

Pfi laboratornim kva$eni se uvolfiuje velké mnozstvi oxidu uhli¢itého,
ktery obvykle unika z kvasné nadobky. V uzaviené nadobce rychle na-
rGsta tlak v zavislosti na spotfebé kvasného substratu, ¢ehoz je mozné
vyuzit pro stanoveni aktivity kvasnic, pribéhu dokvasovani, vypoctu
stupné prokvaseni i nasyceni kvasiciho substratu oxidem uhlicitym.

Méfeni kvasniné aktivity a koncentrace kvasnic se v pivovarstvi
vénuje velka pozornost (Basafova a Savel, 2010; Savel a Prokopova,
1994a; Heggart a Margaritis, 2000). V posledni dobé se zejména pro
sledovani prabéhu laboratorniho kvaseni v malych nadobkach obje-
vily nové postupy a pfistroje. Klasicky odbér vzork( a jejich nasledna
analyza automatickymi analyzatory jsou nejpfesngjSim feSenim, ale
zména objemu kvasiciho substratu opakovanym odbérem vzorku
ovliviiuje kvaSeni narusenim pfirozeného michani uvolfiujicim se oxi-
dem uhli¢itym. Proto byly vyvinuty neinvazni metody, jako jsou refrak-
tometricka metoda, vyZadujici pouze maly objem vzorku, nebo vaz-
kova analyza kvaseni (KoSin a Savel, 2008; Savel a KoSin, 2009a).

Vazkova metoda méfi zmeény hmotnosti kvasiciho vzorku a vzta-
huje ubytek hmotnosti na zménu jeho extraktu. Problémem je vy-
naseni ethanolu i vodnich par proudem oxidu uhli¢itého, a zejmé-
na obtizné sledovani prabéhu dokvasovani, kde jsou tyto metody
nepresné. Ke klasickym metodam sledovani prlibéhu kvaseni patfi
i méreni prutoku unikajiciho oxidu uhli¢itého, pouzivané v laborator-
ni i provozni praxi (Savel a Kosin; 2009b).

Keywords: yeast, pressure fermentation, closed container, yeast
activity, degree of attenuation, CO, saturation, disinfectant efficiency

1 INTRODUCTION

In a laboratory fermentation large amount of carbon dioxide is
formed, which normally escapes from the fermentation container.
In a closed container the pressure grows rapidly in relation to con-
sumed substrate, which can be used to determine the activity of
yeast, follow the course of fermentation and calculate the real de-
gree of fermentation or saturation of the fermented substrate with
carbon dioxide.

Great attention is paid to the measurement of yeast activity and
concentration in the brewing industry (Basafova and Savel, 2010;
Savel and Prokopova, 1994; Heggart and Margaritis, 2000). Re-
cently, new processes and apparatus for monitoring the laboratory
fermentation in small containers have appeared. Classical sampling
with subsequent analysis by automatic analyzers is the most precise
solution, but the volume of removed sample of fermenting substrate
influences the course of the fermentation due to change of natural
mixing condition caused and released carbon dioxide. Therefore,
non-invasive methods have been developed, such as gravimet-
ric fermentation analysis or refractive index method, requiring only
a small sample volume (Ko$in and Savel, 2008; Savel and Kosin,
2009a).

The gravimetric fermentation analysis measures weight changes
of the container with fermenting sample and the mass loss is related
to extract change in the fermenting liquid. The problem is stripping
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of ethanol and water vapor by the stream
of carbon dioxide as well as small weight
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changes at secondary fermentation, where
such methods are inaccurate. Classical
methods for monitoring the laboratory or
industrial fermentation use carbon dioxide
flow rate measurement (Savel and Kosin,
2009b).

The most commonly way how to follow the
industrial fermentation is the measurement
of the flow rate carbon dioxide leaving fer-
mentation vessel (Eyben, 1989; Daoud and
Searle, 1990). When large amount of gas is
formed the measurement is easy using vari-
ous principles (Venturi tube, thermocouple
flowmeter, ultrasound) (Kobayashi and Hiro-
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shima, 2005).

Obr.1 Pretlak CO, tvofeného pfi kvaseni roztoku sacharosy nebo mladiny (% hm.) v malé
kvasné nadobce / Fig.1 The pressure of CO, produced during sucrose solution or hopped

wort (%wt) fermentation in small container

V provozu se nejéastéji vyuzivalo méreni pritoku unikajiciho oxidu
uhli¢itého (Eyben, 1989; Daoud a Searle, 1990). Pfi kvaseni vznika
relativné velké mnozstvi tohoto plynu, jehoz méfeni na vystupu z tan-
ku je snadné, pfitemz se pouziva rliznych principli (Venturiho trubice,
ochlazovani termoc¢lanku, ultrazvuk) (Kobayashi a Hiroshima, 2005).

Velmi vyhodné jsou hmotnostni integraéni pratokoméry, zadny
z méficu vSak neposkytuje stejné presné vysledky jako analyza ode-
branych vzork(i (Forrest, 1996). Kromé toho zustava dalsi oxid uh-
licity rozpustény v kvasici mladiné a toto mnozstvi silné vzrasta pfi
kvaSeni s pretlakem. Vypoctem jeho koncentrace se mlze sice ten-
to vliv eliminovat, musi se vSak uvazovat tzv. supersaturace, ktera
zvysuje koncentraci rozpusténého oxidu uhli¢itého nad rovnovaznou
hodnotu (Pandiella a Garcia, 1995).

V laboratofi se plvodné k tlakovému méreni pouzivala klasicka
Warburgova metoda se sklenénym mikromanometrem, pozdéji se
méfil objem unikajiciho oxidu uhli¢itého v tzv. fermentometrech,
v nichz se unikajici CO, jimal v plynové byreté naplnéné okyselenym
roztokem chloridu sodného, ve kterém se oxid uhli¢ity rozpoustél jen
v malé mife (Hlavacek et al., 1958).

Za urgity druh fermentometru Ize oznacit kvasny vélec podle Lie-
tze, v némz se 750 ml zakvasilo pomérné velkou davkou 20 g lisova-
nych kvasnic a po 24 h kvaseni se stanovil koneény stuperi prokva-
Seni (Mdller, 1972). Mnozstvi produkovaného CO, pfi kvaseni se
spolu s méfenim povrchového naboje kvasnic pouzilo k posouzeni
vitality pivovarskych kvasnic. Objem CO, se jednoduSe méfil v Ein-
hornové nadobce, plivodné uréené pro stanoveni obsahu glukosy.
Tato jednoduché zkouska dobfe rozeznala vliv rGznych stresovych
faktor( na vitalitu kvasnic (Miller-Auffermann a Hutzler, 2011).

Podle nardstu tlaku oxidu uhli¢itého v uzaviené nadobce se v la-
boratorni praxi hodnotila kvasnicna aktivita (Mlck a Narziss, 1987a;
Mick a Narziss, 1987b; Miick a Narziss, 1988; Savel a Prokopova,
1994b). V posledni dobé se aktivita kvasnic méfila manometrickou
metodou s bezdratovym prfenosem tlaku v kvasnych nadobkach
(Muller-Auffermann a Silva, 2014).

Aby se sledované tlakové zmény mohly kvantifikovat, zabyva se
tento ¢lanek vypoctem zmén extraktu podle nardstu tlaku v uzaviené
kvasné nadobce.

2 MATERIAL A METODY

2.1 Kvasny substrat
_ Jako kvasny substrat slouzily roztoky sacharosy (Sigma Aldrich,
CR) a provozni mladina.

2.2 Kvasné nadobky pro stanoveni kvasni¢né aktivity
30 ml kvasné nadobky z PE (polyethylen) s mechanickym mano-
metrem (0—400 kPa).

2.3 Pristroje
Laboratorni analyzator piva Alcolyzer (Anton Paar, Rakousko),
méfi¢ obsahu CO, v pivu (1-CUBE, CR).

2.4 Postup méreni
Do nadobky se navazily lisované provozni kvasnice predtim pro-
myté vodovodni vodou, pfidal kvasny substrat, smés se protfepala

Mass flowmeter is suitable tool although it
does not provide accurate results compara-
ble to the analysis of samples taken during
fermentation (Forrest, 1996). In addition a lot
of carbon dioxide is dissolved in the ferment-
ing liquid and this amount increases during overpressure fermen-
tation. The mistakes can be eliminated by suitable calculation that
should consider the influence of supersaturation, which increases
the concentration of dissolved carbon dioxide above the equilibrium
value (Pandiella and Garcia, 1995).

Initially the pressure was measured by classical Warburg method
with glass micromanometer which was later replaced by various
fermentometers in which CO, was collected in a gas burette filled
with acidified saline solution with low CO, solubility (Hlavacek et al.,
1958).

Fermentation cylinder according Lietz contained 750 ml of wort
pitched by relatively large dosage of 20 g pressed yeast and the
final attenuation was determined after 24 hours fermentation (Mul-
ler, 1972). The amount of CO, produced during fermentation to-
gether with the measurement of surface charge of yeast was used
to assess the vitality of brewer’s yeast. The volume of CO, was
easily measured in Einhorn tube, originally designed for the de-
termination of glucose. This simple test well recognized influence
of different stress factors on yeast vitality (Muller-Auffermann and
Hutzler, 2011).

Pressure growth measurement of carbon dioxide in a closed
container was used to estimate yeast activity (Mick and Narziss,
1987a; Mick and Narziss, 1987b; Miick and Narziss, 1988; Savel
and Prokopovd, 1994b). Recently, the yeast activity was meas-
ured according to pressure growth followed by wireless trans-
mission in the fermentation flasks (Muller-Auffermann and Silva,
2014).

To quantify the pressure changes, this article deals with the cal-
culation of the extract from the pressure growth in a closed small
fermentation container.

2 MATERIAL AND METHODS

2.1 Fermentation substrate
Sucrose (Sigma Aldrich, Czech Republic) solution and production
wort were used.

2.2 Small container for the yeast activity determination
Cylindrical 30 ml fermentation container made of PE (polyethyl-
ene) with a mechanical gauge (0-400 kPa).

2.3 Instruments

Beer analyzer (Alcolyzer, Anton Paar, Austria) and manometric in-
strument for the CO, content measurement in beer (1-CUBE, Czech
Republic).

2.4 The measurement procedure

Pressed yeast previously washed in running tap water was
weighed, put into fermentation vessel, fermentation substrate was
added and the pressure growth was recorded. Foam was sup-
pressed by addition of 0.1 ml of silicone defoamer.

Sucrose solution with the addition of malt extract, providing growth
factors for yeast was fermented in closed 0.5 | PET bottle to estimate
the degree of attenuation and saturation. The bottle was shaken be-
fore pressure measurement.
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a zaznamenaval narlst tlaku v zavislosti na ¢ase. Pénivost se potla-
Cila pfidavkem 0,1 ml silikonového odpéfovadia.

Pro vypocet stupné prokvaseni a nasyceni kvasiciho roztoku se
modelové roztoky sachardzy s pfidavkem sladového vytazku, posky-
tujiciho rGstové faktory kvasnic, kvasily v uzaviené 0,5 | PET lahvi.
Pred méfenim tlaku se smés v nadobkach protiepala.

3 VYSLEDKY A DISKUSE

3.1 Teorie tlakového kvaseni

Predpoklada se smiseni kvasni¢né suspenze se znamym obsa-
hem susiny se zvolenym objemem kvasného substratu. Zpravidla
se varecné kvasnice odstredi v nadobce s plochym dnem, pfi¢emz
relativni podil vihkého sedimentu slouzi pro odhad obsahu kvasni¢-
né susiny (Basafova a Savel, 2010). Promyta kvasniéna suspenze
jiz zpravidla neobsahuje zkvasitelné cukry.

Hmotnost kvasni¢né susiny a mnozstvi vody v ni se vypocte podle:

Mgy =My, - Wy, (1)
M, =M,y = Mg, ()

kde m,, je hmotnost susiny v kvasni¢né suspenzi, m,, je hmotnost
kvasnicné suspenze, w,, je hmotnostni zlomek jeji susiny, m, je
hmotnost vody v kvasni¢né suspenzi. Hmotnostni zlomek suSiny
v kvasniéné suspenzi se mlze stanovit odstfedénim podle hodnoty
tzv. objemu vihké biomasy. Ridké kvasnice obsahuiji 8-14 %, husté
kvasnice 14-18 % a kvasnice vylisované kvasni¢nym lisem asi 30 %
kvasni¢né susiny (w,, = 0,3) (Basafova a Savel, 2010).

Ke kvasni¢né suspenzi se pfida kvasny substrat se znamym ob-
sahem extraktu:

Mg, =M, - We, @)

kde mg, je mnozstvi extraktu v pfidaném roztoku o hmotnosti m,
s koncentraci udanou hmotnostnim zlomkem extraktu wg, a smés
se homogenizuje. ZakvaSeny roztok v kvasné nadobce s volnym
hrdlovym prostorem V, se sklada z roztoku extraktu a kvasnicné
suspenze.

m, =m,, +m, (4)

kde m, je celkova navazka zakvaseného roztoku.

Zakvasenym substratem se naplni kvasna nadobka s volnym
hrdlovym prostorem, v némz se po uzavfeni sleduje nar(ist pretlaku
v Case. Hrdlovy prostor obvykle obsahuje vzduch, pfiblizné s okol-
nim normalnim tlakem 101,3 kPa, po spotfebovani kysliku kvasni-
cemi poklesne tlak nad substratem o jednu pétinu, tj. asi na 79 kPa.

Nulovy udaj pretlakového manometru mlize proto pfi zac¢atku kva-
Seni po spotiebé kysliku a jeho nahradé oxidem uhli¢itym odpovidat
absolutnimu tlaku 21 nebo 101,3 kPa oxidu uhli¢itého, podle toho,
zda je hrdlovy prostor vyplnén smési dusiku a oxidu uhli¢itého nebo
pouze CO,. Teprve potom se zaéne pretlak zvySovat nad nulovou
hodnotu.

Pfi pouziti pfetlakového manometru je tlak CO,:

PCO2 =p- PI + Palm (5)

kde p je Udaj pretlakového manometru, P.o, je parcialni tlak oxidu
uhli¢itého, P,,, je normalni atmosféricky tlak 101,325 kPa, P, je par-
cialni tlak plynt neobsahujicich oxid uhli¢ity v hrdle nadoby, ktery
je napf. po spotfebé kysliku kvasnicemi P, = 79 kPa, u lahvi pouze
s oxidem uhli¢itym v hrdlovém prostoru je P, = 0.
Hmotnost oxidu uhli¢itého mge,, v hrdlovém prostoru se vypocte
ze stavoveé rovnice:
Pco2 -V, 'Mco2
o = 7;'- (6)

kde P.o, je parcialni tlak oxidu uhli¢itého, M., je jeho molekularni
hmotnost, R je plynova konstanta, V, je objem hrdlového prostoru
véetné vnitfniho objemu manometru a T absolutni teplota.

Koncentrace oxidu uhli¢itého se obvykle vyjadfuje jeho rozpust-
nosti:

m

= Pco2 -K(t) (7)

Ceo,

3 RESULTS AND DISCUSSION

3.1 Theory of pressure fermentation

Yeast suspension with a known dry mass and selected volume
of the fermentation substrate is assumed. Usually, brewing yeast is
centrifuged in a cylinder cuvette with a flat bottom and the ratio of
wet sediment was used for estimation of yeast dry matter (Basafova
and Savel, 2010). The washed yeast suspension usually does not
contain fermentable sugars.

The weight of dry yeast and the amount of water in it are calcu-
lated by:

my, =m, - W, (1)
mw = mwy _mdy (2)

where m,, is the mass of dry yeast in suspension, m,, is the mass
of wet yeast suspension, w,, is the mass fraction of the dry matter
of yeast and m,, is the mass of water in the yeast suspension. Mass
fraction w,, of the yeast dry matter in the yeast suspension can be
determined by centrifugation. Liquid yeast contains 8-14 %, thick
yeast 14-18 % and pressed yeast about 30 % of yeast dry matter
(w,, = 0.3) (Basafova and Savel, 2010).

The yeast suspension is added to the fermentation substrate with
a known content of the extract:

Mg =M, - We, ©)

where myg, is the total mass of the extract in the added solution with the
mass m, and the concentrations given by mass fraction of extract w,and
the mix is homogenised. Inoculated solution in the fermentation vessel
with a headspace V,, consists of yeast extract solution and suspension.

m, =m,, +m, (4)

where m, is the total mass of pitched solution.

Pitched substrate is filled into fermentation vessel with a head-
space in which the pressure growth is measured after sealing the
vessel. Vessel headspace usually contains air with atmospheric
pressure of 101.3 kPa. After oxygen consumption by yeast the pres-
sure over the substrate drops by one fifth to pressure around 79 kPa.

Zero gauge value at the beginning of fermentation after consump-
tion of oxygen and its replacement by carbon dioxide responds to
partial pressure of carbon dioxide ranging from 21 to 101.3 kPa. If
nitrogen from air stays in the headspace, the value zero responds to
21 kPa of CO, which grows with further production of CO..

P002 = p - PI + Patm (5)

where p is an indication of the gauge, P, is the partial pressure of
carbon dioxide, P,,, is the atmospheric pressure 101.325 kPa, P; is
the partial pressure of gas containing no carbon dioxide in the con-
tainer headspace. For nitrogen in the headspace is P, = 79 kPa, for
the headspace prefilled with CO, P, = 0.

Mass of carbon dioxide in the headspace is calculated from the
ideal gas law:

_co, " Vg " Wico, (6)

where mg,, is the mass of carbon dioxide in the gaseous phase, Pgq, is
the partial pressure of carbon dioxide M, is its molecular weight, R is
universal gas constant, V, is the headspace volume including the internal
volume of the pressure gauge and T is the absolute temperature of gass.

Carbon dioxide concentration in liquid is usually expressed by its
solubility:

Cco, = Pco2 K(t) (7)

where cq, is the concentration of dissolved carbon dioxide, K(t) is
the constant of the temperature dependence of the solubility of car-
bon dioxide, P, is the partial pressure of CO, in equilibrium.

The amount of dissolved carbon dioxide in the liquid phase is:

Mco, = Ceo, (ms + mw) (8)
where mgo, is the amount of carbon dioxide in the liquid phase with

its concentration c..,, €xpression m,+m, is the total mass of the fer-
menting liquid.
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kde cco, je koncentrace rozpusténého oxidu uhli¢itého, K{(t) je kon-
stanta teplotni zavislosti rozpustnosti oxidu uhli¢itého, P, je parci-
alni tlak CO,.

Mnozstvi rozpusténého oxidu uhli¢itého v kapalné fazi je:

Mco, = Cco, “(mg+m,) 8)

kde mg, je mnozstvi oxidu uhli¢itého v kapalné fazi, c.o, jeho kon-
centrace, vyraz m,+m; je celkova hmotnost kvasici kapalné faze.
Celkové mnozstvi oxidu uhli¢itého vzniklého kvasenim vyjadfuje
vztah:
Meo, =Meog +Meo, (9)

co, co,g

kde mco, je celkové mnozstvi oxidu uhli¢itého kvasici suspenzi.

VM
=P, gR_IfOZ +(m,+m,)-K(t)

V pivovarstvi se tradi¢né pro vypocet koncentrace oxidu uhli¢itého
v pivu pouziva tzv. HaffmansGv vzorec:

Mo, (10)

Peq +101,325
Co, = 100

exp —10,73797+72617’25 (11)
t+273,15

kde cco, S€ vyjadiuje v % hm., p,, je rovnovazny pretlak oxidu uhlici-
tého v kPa, tje teplota v °C. Pro pouziti jednotek, béznych v labora-
torni praxi, se musi doplnit hodnoty prfepoc¢tovych konstant:

=(p—-P,+101,325)-

+0,0001-(m,+m,,)-
2617,25

t+273,15

o, =(p—P,+101,325)-f

. 0,00529 ey
273 15

-exp[—10,74+ (12)

(13)

kde mgey, j& hmotnost oxidu uhli¢itého v plynné fazi v gramech, p je
pfetlak, méfeny pretlakovym manometrem v kPa, V, je objem hrd-
lového prostoru v ml, P, je parcidlni tlak plyni neobsahujicich oxid
uhlicity (kPa) v hrdle nadoby, t je teplota ve °C a fje hodnota pfepo-
¢itavaciho faktoru v g/kPa.

Podle koeficientl Ballingova vzorce vznikne z 2,0665 g extraktu
0,9565 g oxidu uhli¢itého, coz znamena, ze tvorbé 1 g CO, odpovida
spotieba 2,1605 g extraktu.

_2,0665 m

0,9565  °°
kde AE je spotfeba substratu (extraktu) v g pfi jeho pocateénim
mnozstvi m. Vyuziti substratu Ize vyjadfit jako:

21605 -m¢,,
mEO

kde a je aktudini stupen vyuziti substratu, ktery po vyjadfeni v %
odpovida skute¢nému prokvaseni substratu.

Spojenim vztah( (13) a (15) Ize naopak ziskat hodnotu pretlaku p
pro pfedem stanoveny stupefi vyuZiti substratu a:

=2,1605 -mc,, (14)

(15)

E,
p=o_T"0_,p 101325
2,1605f
S pouzitim téchto vztaht Ize odhadnout i slozeni zkvaseného sub-
stratu, opét s pouzitim koeficientl Ballingova vzorce:

(16)

(Mg —2,1605-mg, )
(ms+m,)

E ,=100- (17)

m
A=100- O =104,55-

S — L . 18
0,9565 - (mg +m,,) (mg+m,) (18)

Obsah oxidu uhli¢itého v pivu v kvasné nadobce se vypocte podle:

CO, =100- Mooy _

(mg +m,) (19)

The total amount of carbon dioxide generated by fermentation is
expressed by the relationship:
Meo, =Meog + Mooy (9)

co, co,g

where mg, is the total amount of carbon dioxide produced by the
fermentation which provide:

VM

Mo, =Peo. |~z + (M, +m, )-K(t 10
CO, CO, RT ( s w) ( ) ( )
The brewers traditionally use the Haffmans formula for the calcula-

tion of the carbon dioxide concentration in beer:

_(P., +101.325
co: 100

-exp —10.73797+M (11)
t+273.15

where ¢, is expressed in% wt., p,, is the equilibrium pressure of
carbon dioxide in kPai, t is the temperature in ° C. To use the units,
the conversion constants must be added for common practice in the
brewing laboratory:

o, =(p—P +101.325).

-[0.00529- +0.0001-(m, +m,,)-

t+273.15

~exp(—1 0.74 + 2617.25 J:|

t+273.15 (12)

o, =(p—P,+101.325) - f (13)
Where mg, is expressed in grams, pis the overpressure showed by
pressure gauge in kPa, V is the volume of the neck area in ml, P,
is the partial pressure of no carbon dioxide gas (kPa) in the vessel
headspace, tis the temperature in °C fis the conversion factor in g/
kPa.

According to the Balling formula 0.9565 g of extract carbon dioxide
is obtained from 2.0665 g of extract which means that 1 g of CO, cor-
responds to the consumption of 2.1605 g of extract.

_2.0665
~0.9565 o
where AE is the consumed substrate (extract) with initial quantity
mg,. Consumption of the substrate can be expressed as:
2.1605-mg,,
mEO

where a is the degree of the substrate utilization, which corresponds
to the real degree of attenuation usually expressed in %.

Combination of the relations (13) and (15) provides the value of
pressure p for selected degree of the substrate consuption a:

E,
p=o-1S0_ L p_101.325
2.1605f

With these relationships we can estimate the composition of the

fermented substrate, again using the coefficients of Balling formula:

(Mgo —2.1605 My, )
(ms + mw)

=2.1605 Mg, (14)

(15)

(16)

E ,=100- (17)

m
A=100- =

% _410455.
0.9565-(mg+m,,)

m O,
___ €% (18)
(mg +m,)

The carbon dioxide content in beer in the fermentation container
is calculated by:

CO,, =100- Mooy _ (19)

(ms+m,)
where CO,, is calculated carbon dioxide content (wt% CO,) in fer-
mented substrate solution. The value obtained by direct calculation
from the pressure using Haffmansova formula is slightly different be-
cause it does not use the remaining nitrogen pressure of nitrogen in
the headspace and the exchange of CO, between the liquid and gas
phases.
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Tab.1 Vypocet vyuziti substratu z pretlaku na konci kvaSeni / Table 1 Calculation of substrate utilization from the pressure at the end of

fermentation
Druh Hrdlovy prostor / Substrat / Extrakt / Extract Pretlak / Vyuziti
substratu / Headspace gas Substrate ms E, (%) Overpressure substratu a /
Substrate (9) p (kPa) Substrate
utilization a
Sacharosa / Sucrose vzduch / air 5 1 30 0.99
Sacharosa / Sucrose CO, 5 5 130 0.97
Sacharosa / Sucrose CO, 5 10 340 0.92
Mladina / Co, 5 12 275 0.66
Hopped wort

Tab.2 Vypocet slozeni ¢asteéné zkvaSeného substratu z rovnovazného pretlaku v 0,5 | PET lahvi (A — alkohol, % hm.) / Table 2 Calculation
of the composition of fermented substrate from the equilibrium pressure in 0.5 | PET bottle (A — alcohol in wt%)

Extrakt / Pretlak / Vypocétené / Calculation Zmérené / Measurement

B S Er (%) A (%) a CO, (%) Ex (%) A (%) a
1.1 190 0.71 0.35 0.65 0.32 0.67 0.35 0.52
2.1 350 1.25 0.61 0.60 0.55 1.37 0.64 0.49
3.1 420 1.50 0.72 0.48 0.66 1.65 0.81 0.50
4.1 600 2.10 1.02 0.51 0.93 2.49 0.99 0.45

kde CO, je obsah oxidu uhli¢itého (hm.% CO,) v zkvaSeném roztoku
substratu. Primy vypocCet ze zmérfeného pretlaku podle Haffmansova
vzorce se mirné lisi, protoze nezahrnuje odecet tlaku zbyvajiciho vzdus-
ného dusiku v hrdle lahve a vyménu CO, mezi kapalnou a plynnou fazi.

3.2 Ovéreni teoretického modelu tlakového kvaseni

Pro orientaéni ovéfeni vypocetnich vzorcu se méfil tlak v nadobce
pro méfeni kvasni¢né aktivity i po kvaseni roztoku sacharézy v PET
lahvi.

Malé kvasné nadobky obsahovaly 5 g substratu a 5 g kvasnic se
suSinou 30 %, objem hrdlového prostoru byl 20 ml, teplota kvaseni
23 °C. Obr.1 znazorfiuje prabéh pretlaku v ¢ase, tab.1 uvadi vypo-
étené hodnoty vyuziti substratu a po skonéeném kvaseni. Pro vétsi
nazornost se hmotnostni zlomek extraktu udava v procentech. Pfi-
tomnost vzduchu a nizké koncentrace substratu pfi nizkém pretlaku
CO, patrné snizily prfesnost vypoctu v prvém fadku tab. 1.

V dal$im pokuse se zakvasilo 500 g roztoku sacharosy (1 az 4 %)
s pfidavkem 1,5 g sladového extraktu a 1 g lisovanych kvasnic v 0,5
| PET lahvi. Po 2 dnech kva$eni pfi 23 °C se zméfil rovnovazny tlak
CO, v uzaviené lahvi a po zbaveni roztoku CO, se ¢astecné zkvase-
ny roztok analyzoval (tab.2).

4 ZAVER

Méfeni aktivity kvasnic podle objemu nebo mnozstvi uvolnéného
CO, se v historii biochemie i pivovarstvi uplatnilo v klasické Warburgo-
vé metodeé i v klasickych fermentometrech. Moderni elektronické mére-
ni tlaku prokazalo své prednosti v malém i vétSim laboratornim méfitku
jiz pfed 20 lety a pozdéji. PFetlak oxidu uhli¢itého v kvasné nadobce se
obvykle pohyboval mezi 20 az 200 kPa. Poslednim stupném vyvoje
méreni pretlaku v kvasné nadobce jsou plné automatizované pfistroje
s bezdratovym prfenosem dat v redlném Case. Tyto metody vyuzivaly
vhodné volené po¢ate€ni podminky stanoveni, vétSinou zahrnuijici pfe-
depsané mnozstvi roztoku mladiny nebo sacharézy. Pro urychleni roz-
borli se volily vysoké davky kvasnic, coz sice neodpovidalo podmin-
kam provozniho kva3eni, ale pfesto poskytovalo hodnotné informace.

S pouzitim tlakové odolnych nadobek je mozné vyuzit i pretlaku
v fadu MPa, coz ma vyznam pfi ovéfovani odolnosti kvasnic pfi kom-
binacich vysokého tlaku CO, i ethanolu pfi kvaseni. Zajimava je i pfi-
prava zkvasenych substratll s vysokym obsahem oxidu uhli¢itého,
kde se nevyzaduji vysoké davky kvasnic a je mozné vyuzit podmi-
nek blizkych provoznimu kvaseni. Vyhodna je také predpovéd tlaku
nad zkvasenym substratem v uzaviené nadobce, coz opét umoz-
nuje optimalizovat navrh novych laboratornich metod, zaméfenych
na méreni kone¢ného prokvaseni substratu, Ucinku dezinfekénich
prostfedk i vitality kvasnic. Tyto postupy také mohou Iépe predpovi-
dat podminky refermentace piva v lahvi nebo vliv mladiny na méreni
nachylnosti piva na gushing. Tlakové kvaSeni v uzaviené nadobce
rovnéz vylucuje unik vlihkosti, oxidu uhli¢itého a alkoholu, kterym se
jinak pfi klasickém laboratornim rozboru nelze vyhnout.

3.2. Validation of the theoretical model of the pressure
fermentation

To verify the calculation formulas the pressure was measured in
the container to determine the activity of the yeast and the pressure
after fermentation of sucrose solution in a PET bottle.

Small fermentation container contained 5 g of the substrate solu-
tion and 5 g of yeast (30% of dry matter), the volume of the head-
space was 20 mL, the fermentation temperature was 23 ¢ C. Fig.1
shows the pressure growth depending on time. Table 1 shows cal-
culated values of degree of consumption of substrate a at the end
of fermentation, the extract is expressed in percentages as usual
in brewing. The presence of air and low substrate concentration at
a low pressure CO, caused low accuracy of a value in the first row
of Table 1.

In other experiment 500 g sucrose solution (1-4 %wt) with 1.5 g
of malt extract and 1 g of compressed yeast addition was put in 0.5
| PET bottle. After 2 days of fermentation at 23 ¢ C the equilibrium
pressure of CO, in a closed bottle was determined and after decar-
bonation the partially fermented solution was analyzed (Table 2).

4 CONCLUSSIONS

Measurement of yeast activity based on volume or amount of re-
leased CO, determination were applied in the history of biochem-
istry and brewing using conventional Warburg method or classical
fermentometers. Modern electronic pressure measurement has
shown its advantages in brewing laboratory 20 years ago and later.
Overpressure of carbon dioxide in the fermentation container usually
varied between 20 and 200 kPa. The latest stage of such proce-
dures is pressure measuring in the fermentation container which is
fully automated with wireless data transmission in real time. These
methods use properly selected initial conditions comprising mainly
a prescribed amount of wort or sucrose solution. To accelerate the
analysis high dose of yeast is used, which does not respond to the
industrial conditions of fermentation, but still provides valuable infor-
mation.

Pressure-resistant container can also be used to work with over-
pressure in a range of MPa, which is important to verify the resist-
ance of the yeast at combination with high pressure CO, and etha-
nol concentration. On the other hand the preparation of saturated
substrate with low dosage of yeast is close to the industrial fermen-
tation. The pressure measurement in a closed container allows opti-
mize the design of new laboratory methods for the determination of
the final substrate attenuation or to estimate effect of disinfectants
on yeast vitality. These procedures can better predict conditions for
beer refermentation in a bottle or find wort with tendency to beer
gushing. Pressure fermentation in sealed container also eliminates
the escape of moisture, carbon dioxide and alcohol, which other-
wise influence the result of classical laboratory analysis in ferment-
ing sample.
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Vypocet tlaku pfi kvaseni v uzaviené nadobce

Z téchto dlivod( jsme navrhli orientaéni vypocet vztahu mezi parame-
try kvaseni a vyslednym slozenim piva. Vypocet se ovéroval jak pfi sta-
noveni stupné prokvaseni roztokd sachardzy i mladiny, tak na vysledné
slozeni napoje, pfipraveného ze smési sachardzy a sladového vytazku.
Vysledky méfeni i pfes pomérné velkou chybu umozniuji odhad hodnot
tlaku v uzaviené nadobé pfi znamém stupni prokvaseni substratu.

Seznam symbolii:
A obsah alkoholu ve zkvaseném substratu

Ccozl koncentrace rozpusténého oxidu uhli¢itého

CO,, vypoctena koncentrace CO, v modelovém roztoku

dy kvasni¢na susina

E extrakt, koncentrace substratu

E, obsah extraktu v pfidaném substratu

Eq obsah zbytkového extraktu ve zkvaseném extraktu

f hodnota prepocitavaciho faktoru

K(t) teplotni zavislost rozpustnosti oxidu uhli¢itého

m, celkova navazka zakvaseného roztoku

Meos celkové mnozstvi oxidu uhli¢itého vzniklého kvaseni

Meozy hmotnost oxidu uhli¢itého v hrdlovém prostoru nadobky

Moz mnozstvi oxidu uhli¢itého v kapalné fazi

my, hmotnost su8iny v kvasniéné suspenzi pouZité pro zakvaseni

mg, mnozstvi extraktu v pfidaném roztoku kvasného substratu

m, hmotnost roztoku kvasného substratu, pfidaného ke kvas-
ni¢né suspenzi

m, hmotnost vody v kvasniéné suspenzi pro zakvaseni

m,, hmotnost vihké kvasni¢né suspenze pro zakvaseni

Mcos molekularni hmotnost CO,

p pretlak v hrdlovém prostoru

Peq rovnovazny pretlak oxidu uhli¢itého v nasyceném roztoku

Piam normalni atmosféricky tlak 101,325 kPa

Peos parcialni tlak oxidu uhli¢itého v hrdle nadobky

P; parcialni tlak plynt neobsahujicich oxid uhli¢ity v hrdle
kvasné nadobky

R plynova konstanta

S substrat

t teplota ve °C

T absolutni teplota

v, objem hrdlového prostoru

w vlaha

Weo hmotnostni zlomek extraktu v pfidaném roztoku kvasného
substratu

Wy, hmotnostni zlomek susiny kvasni¢né suspenze pro zakvaseni

wy vihké kvasnice, kvasni¢na suspenze

AE spotfeba extraktu (substratu)
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