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Sayel, J. — Kosin, P. — Broz, A.: Kinetika uniku plynu ze syceného napoje. Kvasny Prum. 61, 2015, ¢. 1, s. 7-14

Clanek se zabyva kinetikou nardstu tlaku v hrdlovém prostoru lahve naplnéné sycenym népojem po rychlém otevieni a uzavreni vy-
pustniho ventilu, umisténého na hrdle lahve. Rychlost narlstu tlaku se méila elektronickym tlakomérem s rychlou odezvou. Unik CO,
se takeé inicioval elektrolyzou nebo vlozenim porovitého materialu do piva. NarGst tlaku v hrdle lahve Ize popsat jednoduchou kinetickou
rovnici s dvéma parametry, po¢atecni rychlosti narlistu tlaku a konstantou popisujici potlaceni Gniku bublin z povrchu pevnych ¢astic.
P¥i trvalém odstrariovani mikrobublinek CO, vazanych na povrch pevného materialu napf. vytrvalym tfepanim je narlst tlaku omezen
rozpustnosti oxidu uhli¢itého a teplotou. Tato technika také umoziiuje testovat vliv pivovarskych substratli a procesnich parametr(i na
nachylnost k pfepénéni piva v lahvi a vyhledavat lahve s narusenym povrchem po naplnéni lahvi sycenou vodou.

Savel, J. — Kosin, P. — Broz, A.: Kinetics of gas escape from carbonated beverages. Kvasny Prum. 61, 2015, No. 1, pp. 7-14

The article deals with the kinetics of the pressure growth in the headspace of the bottle filled by carbonated beverage after the rapid
opening and closing of the output valve placed on the bottle neck. The rate of pressure growth was measured by an electronic pressure
recorder with quick response. Escape of CO, was also initiated by electrolysis or by inserting a porous material into beer. The pressure
growth in the bottle can be described by a simple kinetic equation with two parameters, the initial rate of pressure growth and the con-
stant describing the suppression of bubbles detachment from the surface of the solid particles. Continuous removal of CO, microbubbles
bound to the surface of solid material e.g. by permanent shaking is limited by the solubility of carbon dioxide and temperature. The new
technique also allows estimate the effect of various substrates and brewing process parameters to cause gushing. It may also be used
to search for bottles with a scuffed surface after filling them with carbonated water.

Savel, J. - Kosin, P.— Broz, A.: Die Kinetik des Gas-Entweichung aus dem gesitigten Getrank. Kvasny Prum. 61, 2015, Nr. 1, S. 7-14

Der Artikel befasst sich mit der Kinetik des Druckanstiegs im Halsraum einer mit einem geséttigtem Getrénk geflllten Flasche nach ei-
nem schnellen Offnen und ZuschlieBen des am Flaschenhals befestigten Ablassventils. Die Druckanstiegsgeschwindigkeit wurde durch
einen elektronischen Druckmesser mit einer schnellen Reaktionszeit festgestellt. Die CO,-Entweichung wurde auch durch die Elektro-
lyse oder durch Einflihrung eines porésen Materials ins Bier initiiert. Der Druckanstieg kann durch eine einfache kinetische Gleichung
mit zwei Parametern, Anfagsdruckanstiegsgeschwindigkeit und mit Unterdriickung von Leckblasen aus den Festpartikeloberflachen be-
schreibende Konstante berechnet werden. Bei der konstanten Beseitigen von an die Feststoffberflache gebundenen Mikroblasen zum
Beispiel durch dauernde Schtteln ist der Druckanstieg durch die CO,-Losligkeit und Temperatur begrenzt. Diese Technik ermoglicht
auch die Einfliisse von Brausubstraten und Prozessparametern zur Tendenz des Flaschenbieres zu Uberschdumen festzustellen oder

die Innenwandbeschadigte Flasche nach dem Abflllen mit karbonisiertem Wasser auszuschalten.

Kli¢ova slova: gushing, unik CO,, elektrolyza sycenych napoju,
ndrdst tlaku, hrdlovy prostor, kinetika procesu, pivovarské
meziprodukty, narusena sklovina, metoda méreni

1 UVOD

Dosavadni teorie pfechodu rozpusténého CO, z napoje do jiz odtr-
zenych bublinek se opiraji o vliv povrchového napéti na jejich stabili-
tu v kapaliné. Povrchové napéti kapaliny zvétSuje v bublinkach vnitf-
ni tlak, ktery naopak klesa s jejich rostoucim polomérem. Podminka
stability bubliny pfedpoklada, Ze uvnitf bubliny je okolni tlak zvySeny
o povrchové napéti (Draeger, 1996, Pellaud, 2002).

Protoze se podle fyzikalnich méfeni rozméry bublinek mohou po-
hybovat v Sirokém rozmezi od zlomkd nanometr az po mikrometry,
oznaduji se v dalSim textu souhrnné jako mikrobublinky. Mikrobub-
linky rozmér( okolo mm se oznaduji jako bublinky, jesté vétsi jako
bubliny.

Stabilni jddra nerozpusténého plynu mohou byt v submikrosko-
pickych trhlinkach nesmacivého povrchu nadoby nebo v trhlinkach
mikroskopickych drobnych &astic, vznasejicich se v kapaliné. Kla-
sicky vyklad vétsinou pfedpokladé kuzelovité dutinky v pevnych ma-
teridlech vyplnénych plynem, obklopenym kapalinou. VoIné bublinky
v kapaliné zmizi jiz za nékolik hodin, ale drobné pevné ¢astice mo-
hou byt nositeli stabilnich bublin po dlouhou dobu. V dutinkach se
muze nachdazet plynny oxid uhli¢ity ve smési s vodni parou a vlivem
rlizného kapilarniho tlaku je tlak plynu vy$si, nebo niz8i nez v okolni
kapaliné (Brdicka a Samek, 1981).

Dulezitym parametrem popisu Uniku mikrobublinek je kritérium
udavajici schopnost mikrobublin opustit pevny povrch a stoupat
k hladiné. Sila potfebna k odtrzeni bubliny zavisi na povrchovém

Keywords: gushing, CO, escape, electrolysis carbonated drink,
pressure growth, headspace, process kinetics, brewing intermedia-
tes, scuffed glass, measuring method

1 INTRODUCTION

Present theories of CO, transfer from the beverage into detached
bubble are based on the effect of surface tension on its stability in
liquid. Surface tension of liquid increases the bubble internal pre-
ssure, which in turn decreases with the growing bubble radius. It is
assumed that ambient pressure in liquid is higher about the surface
tension of liquid (Draeger, 1996; Pellaud, 2002).

Because the bubbles diameters can vary widely from nanome-
ters to micrometers, they are called generally microbubbles. Micro-
bubbles of dimension about mm are marked as small bubbles, even
larger as bubbles.

Stable nuclei of undissolved gas can be hidden in submicroscopic
cavities in non-wettable surface of the container or in microscopic
small particles suspended in the liquid. The classic interpretation
usually assumes a conical cavity filled with gas placed on solid ma-
terials surrounded by liquid. Free bubbles in the liquid disappear in
a few hours, but small solid particles can be carriers of stable bubbles
for a long time. The cavities can contain gaseous carbon dioxide in
admixture with water vapor and the bubble inner pressure can be
higher or lower due to different capillary pressure in particle cavities
dispersed in the surrounding fluid (Brdi¢ka and Samek, 1981).

An important parameter for the description of microbubble deta-
chment is criterion indicating the ability of microbubbles to leave the
solid surface and rise to the surface. The force required for bubbles
to be teared the off depends on the surface tension at the interface
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Tab. 1 Konstanty linearni zavislosti elektrolytického proudu na teploté. DI — deionizovana, BW — varni voda, BE — pivo, P — KH,PO,

(c =2g/l) / Table 1 Dependency of linear relation between the voltage and current on the temperature. DI — deionized, BW — brewing water,

BE —beer, P— KH,PO, (c =2 g/l)

Napoj / Beverage a b Napoj / Beverage a b

(5 °C) (mA/V) (mA) (23 °C) (mA/V) (mA)

DI 0.040 —-0.09 DI 0.050 -0.12

BW 0.253 —0.063 T™W 0.439 -0.77

BE 2.125 —-12.32 BE 4.798 —-19.85
DIP 2.630 -13.05 DIP 3.796 -16.96
TWP 2.410 —-12.40 TWP 3.794 -16.63

napéti na rozhrani pevna latka, plyn, kapalina a na fyzikalnim
a chemickém slozeni pevnych ¢astic. BEhem vystupu se mohou
mikrobublinky separovat u dna, nebo v hrdle lahve (Benilov a Cu-
mmins, 2013).

Mnoho Usili se vénovalo analyze sil pusobicich na mikrobublinu
ulpivajici na pevném povrchu a stanoveni sily, potfebné k jejimu
odtrzeni. K odtrzeni bubliny postacuje i relativné maly pokles tlaku
(Enriquez a Hummelink, 2013). Pro vypocet sily potfebné k odtrzeni
bubliny jsou nutné znalosti smacivosti pevného povrchu a pfislus-
nych kontaktnich uhli (Day, 2010). Bubliny mohou mit pfed odtrze-
nim rdzny tvar v zavislosti na sklonu pevné plochy, na které v kapa-
liné ulpivaji (Brabcova a Basarova, 2012).

Podobné problémy se feSi i pfi popisu a tvorby bublin pfi varu
kapaliny (Yang a Wu, 2000, Siedel a Cioulachtjian 2008, Chung
a Cheng, 2011, Yang a Lu, 2013). Stejnymi problémy se zabyva
prace studujici kavitaci (Brdicka a Samek, 1981). Rust bubliny i zpU-
sob jejiho odtrzeni zavisi na difuzi plynu dovnitf bubliny (Mori, 1998,
Liger-Belair a Prost 2003).

Bublinky po odtrzeni stoupaji kapalinou. Fyzikalni vlastnosti na-
poje vyrazné ovliviiuji pfenos CO, z napoje do hrdlového prostoru,
nebot na nich zavisi rychlost vzestupu bublinek a tim i doba difuze
CO,z napoje (Schafer a Zare, 1991). S pfechodem CO, se zvétSuje
polomér bublinky, klesé v ni tlak a tim se urychluje rychlost diflze,
podobné jako pohybem kapaliny okolo bubliny pfi jejim vzestupu.

Téchto procesl se mohou zu€astnit ostatni plyny pfitomné v pivu
(Devereux a Lee, 2011). Smés plynu se pak ocitne v péné a ovliv-
nuje jeji rozpad (Mitani a Joh, 2002). Iniciaci Uniku oxidu uhli¢itého
mohou zpUsobit plyny, adsorbované na pevném povrchu (Savel
a Kosin, 2014a,b). Pfi michani kapaliny se nad michadlem mohou
tvofit bublinky plynd, které posléze unikaji do kapaliny (Scardina,
2004).

Po dobu vystupu bublinek klesa primérna hustota napoje, ktery je
proto snadno vynasen z lahve. Po ukonéeni vystupu bublin zUstava
¢ast CO, jesté v péné, ze které po jejim rozpadu pfechazi do plynné
i kapalné faze.

Vyznamny vliv maji i silné pénotvorné latky, tzv. hydrofobiny, které
jsou v soucasné dobé pfedmétem rozsahlého studia (Khalesi a Man-
delings, 2014). Doba rozpadu pény a jeji hustota rovnéz ovliviiuje
prepénovani pénivych ndpoju, nebot vrstva pény se chova jako na-
boj s ucpavkou v hlavni stfelné zbrané. ,Ucpavka“ z pény umoznuje
zvysit v hrdlovém prostoru tlak, vytésnujici pénu z hrdla lahve. Tuha
péna opousti hrdlo Iahve s vétsi rychlosti i energii v zavislosti na jeji
hustoté a pénivé schopnosti (Savel a Kosin, 2014a).

Prepénovani obecné vzriistd s rostouci koncentraci oxidu uhli-
¢itého, takze pfi koncentracich nad 7 g/l CO, a pokojové teploté
pretéka z lahve i sodovéa voda, ve které se pfitomnost hydrofobin(
nepfedpoklada. Tuto schopnost mohou ovliviiovat jednoduché lat-
ky, pfidané k sycené vodé (Aydin a lllberg, 2014). V pivu se mohou
nachdazet latky, indukujici i potlacujici gushing (Christian a Titze,
2011).

Po otevreni lahve s pfesycenym napojem dochazi k vyméné oxi-
du uhli¢itého mezi kapalnou a plynnou fazi. Pogate¢ni hmotnostni
tok oxidu uhli¢itého z kapalné faze ma v tomto okamziku nejvyssi
hodnotu, ktera postupné klesa. Pfi trvale oteviené lahvi klesa hmot-
nostni tok CO, jesté v souvislosti s poklesem obsahu rozpusténého
oxidu uhli¢itého v napoji.

Napoje se znacéné lisi schopnosti uvolfiovat oxid uhli¢ity z nasy-
ceného napoje, od témér nulového uniku CO,, az po jeho vysoké
hodnoty pfi pfepénovani (gushingu) napoje. Po opétovném uzavieni
lahve kleséa prestup CO, s narlstajicim protitlakem v hrdlovém pro-
storu. V praxi této situaci odpovida napf. prestavka mezi naplnénim
lahve a jejim uzavreni.

Na tomto jevu se zaklada stanoveni nachylnosti napoju k prepé-
fovani mérenim narlstajiciho tlaku CO, po rychlém odpusténi pre-

of the solid, gas and liquid together with the physical and chemical
composition of the solid particles. During their movement in the liquid
the microbubbles can be separated at the bottom, or in the bottle
neck (Benilov and Cummins, 2013).

Much effort was devoted to analyze the forces acting on micro-
bubbles adhering to a solid surface to determine the force needed
to detach. For the bubble detachment the relatively small pressure
drop is sufficient (Enriquez and Hummelink, 2013). The knowledge
of wettability of the solid surface together with the corresponding
contact angles are needed to calculate the force necessary to de-
tach bubbles (Day, 2010). Before the bubbles are detached they can
have different shape, which depends on the slope of the solid sur-
face on which the liquid sticks (Brabcova and Basarova, 2012).

Similar problems are also solved to describe a bubble formation in
boiling liquids (Yang and Wu, 2000; Siedel and Cioulachtjian 2008; Chung
and Cheng, 2011; Yang and Lu, 2013). Various articles dealing with ca-
vitation are devoted to the same problems (Brdicka and Samek, 1981).
The growth of bubble and its detachment are also influenced by the gas
diffusion into the bubbles (Mori, 1998; Liger-Belair and Prost 2003).

After the detachment the bubbles rise through liquid. Physical pr-
operties of the beverage significantly affect the transfer of CO, from
the liquid to the neck area, because they depend on the rising veloci-
ty of bubbles which is connected to the time of CO, diffusion (Schafer
and Zare, 1991). Bubble surface increases, its inner pressure drops
and the movement of the liquid near the bubbles accelerate and the
diffusion rate increases.

Other gases present in beer may participate in this process (Deve-
reux and Lee, 2011). The gas mixture can be found in the foam and
affects its decay (Mitani and Joh, 2002). Initiation of carbon dioxide
escape may be caused by gases adsorbed on the solid surface
(Savel and Kosin, 2014 b). In the course of liquid agitation the gas
bubbles can be formed on the stirrer and eventually escape into the
surrounding liquid (Scardina, 2004).

With increasing amount of bubbles in the liquid the average density
of the mixture decreases, which facilitates the beverage overflowing
from the bottle. After bubbles transformation to foam and its destruction
the CO, from foam passes into both the gaseous and liquid phases.

Protein substances called hydrophobins and causing overfoaming
are currently the subject of extensive study (Khalesi and Mandelings,
2014). The destruction time of the foam and its density also influence
beverages overfoaming as foam layer acts as a seal in the barrel
of the gun. Foam “stopper” allows the pressure to be increased in
bottle neck and carry out the foam from the bottle. Rigid foam leaves
the bottle neck with higher speed and energy, which depends on its
density and foamability (Savel and Kosin, 2014).

Beer containing hydrophobins shows gushing although carbona-
ted water in which no hydrophobin is present also overflows at con-
centrations above 7 g/l of CO, and room temperature. Simple com-
pounds added to carbonated water can influence this process (Aydin
and lllberg, 2014). Substances inducing and suppressing gushing
can be also found in beer (Christian and Titze, 2011).

When the bottle with a supersaturated beverage is opened, car-
bon dioxide transfer between the liquid and atmosphere is started.
The initial maximal mass flow rate of carbon dioxide gradually dec-
reases with the depletion of dissolved carbon dioxide in beverages.

Beverages vary considerably in the ability to release carbon di-
oxide from a saturated solution, from almost zero deliberation of
CO, to the high value at which overfoaming begins. After re-sealing
of the bottle CO, flow decreases with growing overpressure in the
headspace. Interval between bottle filling and its recrowning is an
example of such situation.

The tendency of beer to gushing cab be determined by the pressu-
re growth measurement after opening followed by immediate closing
the beer bottle. CO, pressure usually does not reach true equilibrium
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Obr. 1 Elektrolyzér s tlakomérem a vypustnim ventilem. Znacky
udavaji objem napoje V (ml)/vyska h (mm) ode dna nadoby / Fig. 1
Electrolyzer equipped with a pressure gauge and output valve. Marks
indicate the beverage volume V (ml) / height h (mm) measured from
the bottom of the bottle

tlaku z lahve. Tlak CO, nedosahne rovnovazné hodnoty, ale ustali
se na tzv. pseudorovnovazné hodnoté. Schopnost sycenych napoju
prepéiovat Ize hodnotit podle tlakovych zmén v hrdle lahve po jejim
rychlém otevieni a uzavieni (Savel a Kosin, 2014b).

Soucasné sdéleni se zabyva kinetikou tohoto procesu s vyuzitim
pfesné méfici techniky.

2 MATERIAL A METODY

2.1 Elektrolyzér sycenych napojl

Sycené napoje se elektrolyzovaly v pfistroji, ktery se skladal
z 0,5 | pivni lahve s vnofenymi elektrodami, jejichz poloha se uda-
va vySkou (h) nade dnem lahve spolu s pfisluSnym objemem na-
poje (V) (obr. 1).

Na dvé elektrody (primér 2,5 mm) z nerezavéjici oceli, vzdalené
od sebe 2 mm, se vkladalo stejnosmérné napéti 0-50 V a méfila
se intenzita proudu prochazejiciho roztokem. Katoda byla ¢aste¢né
pokryta izolaci, aby mikrobublinky plynu prochazely vymezenou vrst-
vou napoje, zatimco plyn z anody prochazel nizkou vrstvou kapaliny,
uvolroval se poloviéni rychlosti, a proto vyrazné neovliviioval Unik
CO,. Mikrobublinky plynu iniciovaly unik oxidu uhli¢itého, ktery pfe-
chazel do hrdlového prostoru lahve, v niz se méfil narlst tlaku. Rych-
|é otevfeni a opétovné uzavreni vypustniho ventilu plynu z hrdlového
prostoru umoznovalo elektrolyzu opakovat. Odpojenim napétového
zdroje se prerusil vyvin inicia¢niho plynu.

2.2 Napétovy zdroj
Napétovy zdroj s méfenim intenzity proudu, prochazejiciho napo-
jem (Voltcraft VSP 1605, VC650BT, Némecko).

2.3 Syti¢ napoji a zaznamnik tlaku
Syti¢ napojd (0-10 g/l CO,) a elektronicky zaznamnik tlaku s inter-
valem 0,2 az 30 s mezi zaznamy (1 CUBE, CR).
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Obr. 2 Tlak v hrdlovém prostoru po vnofeni elektrod do piva (5 °C),
po odpusténi tlaku a elektrolyze (do 40 kPa). Otevreni/uzavieni ven-
tilu (1, 5, 10, 11, 12 min), vypnuti elektrolyzy v 7,5 min / Fig. 2 Pre-
ssure in the headspace after electrodes immersion into the beer (5 °
C) and electrolysis up to 40 kPa overpressure. Opening / closing the
valve (1, 5, 10, 11, 12 min), turn off the electrolysis at 7.5 min
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Obr. 3 Intenzita proudu a pocatecni rychlost narlstu tlaku v hrdlovém
prostoru béhem elektrolyzy napoje s obsahem 0, 3 a 5 g/l CO, a tep-
lotach 5 a 23 °C / Fig. 3 Current intensity and the initial rate of pressu-
re growth in the bottle headspace during electrolysis of the beverage
containing 0, 3 and 5 g/ | of CO, with temperatures 5 and 23 ° C

value, but it is stopped on the so-called pseudo-equilibrium value.
(Savel and Kosin, 2014b).

This article deals with the kinetics of this process using precise
measuring equipment.

2 MATERIAL AND METHODS

2.1 Electrolyzer of carbonated beverages

Carbonated beverage was electrolyzed in the device, which con-
sisted of 0.5 | beer bottle equipped with two electrodes, of which
position is marked by height (h) above the bottom of the bottle along
with the appropriate volume of beverage (V) (Fig. 7).

On two stainless steel electrodes (diameter 2.5 mm), distanced 2
mm each to other was put 0 to 50 V voltage and the current intensity
going through the solution was measured. The cathode was partially
covered with insulation to enable gas microbubbles to pass through the
defined layer of beverage. Gas from the anode passed through a low
layer of liquid at half rate in comparison to hydrogen and therefore did
not influence significantly CO, escape. Microbubbles of hydrogen ini-
tiated evolution of carbon dioxide which passed into the headspace of
the bottle were the pressure was measured. Rapid opening and re-
-closing of the output valve placed on the bottle neck enabled the CO,
deliberation caused by electrolysis to continue from the beginning. Dis-
connecting the power supply interrupted the gas deliberation.

2.2 Voltage source
The voltage source with measuring the current passing through
beverage (Voltcraft VSP 1605 VC650BT, Germany).

2.3 Beverage carbonator and pressure recorder

Beverage carbonator (0—10 g/l CO,) and digital pressure recorder
with an interval of 0.2 to 30 s between records (1 CUBE, Czech Re-
public).
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Obr. 4 Narust tlaku v hrdlovém prostoru po vlioZeni pryzové zat-
ky do piva (5 °C, 5 g/l CO,). Otevreni/uzavieni ventilu pfi 25 kPa
(0-5 min), 50 kPa (5—-15 min), trvale uzavfeny ventil (po 15 min) /
Fig. 4 Pressure growth in the bottle headspace after rubber stopper
inserting into beer (5 ° C, 5 g /1 CO,). Opening / closing the valve
at 25 kPa (0-5 min), 50 kPa (5—-15 min), permanently closed valve
(after 15 min)

2.4 Pryzové zatky pro iniciaci uniku CO,

Pryzové zatky (kat. ¢islo 2201.1014) s hornim primérem 14,5
mm, dolnim prdmérem 10,5 mm, vySkou 20 mm a hmotnosti 3,6 g
(Fischer Scientific, CR) (Savel a Kosin, 2014a).

2.5 Dekarbonizace piva
Pivo (12% leZak) se zbavilo oxidu uhli¢itého na posuvné tfepacce
(10 min, 150/min)

3 VYSLEDKY A DISKUSE

3.1 Zaznam tlaku v hrdle lahve pfi elektrolyze piva

Po vnofeni elektrod do ldhve s pivem (5 °C) se po otevieni a uza-
vieni ventilu zahdjila elektrolyza, béhem niz se opét otevrel a uzavrel
vypustni ventil, a nakonec vypnul proud s naslednym opakovanym
otevienim/uzavienim vypustniho ventilu (obr. 2).

Mikrobublinky vodiku se odtrhavaly od katody a stoupaly pivem,
pfi¢emz do nich difundoval oxid uhli¢ity. Po vypnuti proudu se narlst
tlaku zastavil a po jeho odpusténi se z katody uvolnily jiz vytvofené
mikrobubliny.

3.2 Vodivost vody a dekarbonizovaného piva

Vodivost destilované, varni vody a dekarbonizovaného piva se
v elektrolyzéru méfila jako zavislost proudu na viozeném napéti po-
dle vztahu (1).

i=a-U+b (1)

kde i je intenzita proudu, U je napéti, a, b jsou konstanty linearni
zavislosti.

Pro zvySeni vodivosti vody se pfidal KH,PO, (c = 2 g/l) (tab. 1).

Z tabulky je patrné, Ze k linearnimu narGstu proudu dochazi az po
prekroceni ,polarizacniho napéti“ o velikosti —b/a.

Deionizovana voda vykazovala nenulovou vodivost zpdsobenou
necistotami na sténach lahve a elektrodach, narusenych pfedchozi-
mi elektrolyzami.

3.3 Narust tlaku CO, pfi elektrolyze piva a sycené vody

Pfi elektrolyze deionizované, varni vody a piva se méfil narist tla-
ku v hrdle lahve po jeho opatrném odpusténi. Po ponofeni elektrod
do syceného napoje se v malé mife samovolné uvolfoval CO, vli-
vem naruseného povrchu elektrod a po odpusténi tlaku se zahdjila
elektrolyza.

Pocate¢ni rychlost narlstu tlaku elektrolyzou se méfila v linearni
Casti tlakové krivky maximalné do tlaku 15 kPa, aby se napoj neochu-
zoval Unikem CO,. Narlst tlaku vzristal podle o¢ekavani s rostouci
intenzitou proudu, obsahem oxidu uhli¢itého a teplotou napoje (obr. 3).

3.4 Narust tlaku CO, po vloZeni pérovitého materialu do piva
Do vychlazeného piva (5 °C) se vlozila pryzova zatka s pérovitym
povrchem, na némz se pfi opakovaném otevieni a uzavreni vypust-
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Obr. 5 Nar0st tlaku pfi desetinasobném obraceni lahve s pivem pfi
teploté 5 °C a 23 °C / Fig. 5 Pressure growth after tenfold turnover of
bottle containing beer at 5 °C and 23 ° C

2.4 Rubber stoppers for the initiation of CO, escape

Rubber stoppers (cat. No. 2201.1014) with 14.5 mm upper diame-
ter, 10.5 mm bottom diameter mm, height of 20 mm and a weight of
3.6 g (Fischer Scientific, CR) (Savel and KoSin, 2014a).

2.5 Beer decarbonisation
Beer (12% lager) was decarbonized using shaker (10 min, 150/ min)

3 RESULTS AND DISCUSSION

3.1 Pressure record the in the bottle headspace during electrolysis

After immersion of the electrodes into a bottle of beer (5 ° C) and
opening/closing the valve the electrolysis was started. During elect-
rolysis the valve was repeatedly opened and closed, which was fo-
llowed by current circuit disconnection (Fig. 2).

Hydrogen microbubbles got detached from the cathode and car-
bon dioxide diffused into them. After current switch off the remaining
bubbles were released from the cathode.

3.2 Conductivity of water and decarbonized beer

The conductivity of distilled, brewing water and decarbonized beer
were measured in the electrolyzer to determine the dependence of
current on the applied voltage according to equation (1).

i=a-U+b (1)

where iis the current, U is the voltage, and a, b are constants of the
linear relation.

KH,PO, (c = 2 g/l) was added to increase the conductivity of the
water (Table 1)

The linear relations was reached after exceeding ,polarization vol-
tage“ —b/a.

Deionized water showed a non-zero conductivity caused by impu-
rities on the walls of the bottle and the electrodes eroded by previous
electrolysis.

3.3 Growth of CO, pressure in the course of electrolysis of beer
and carbonated water

During electrolysis of deionized, brewing water or beer the pressure
growth was measured in the bottle neck. After electrodes immersion
into a carbonated beverage a small amount of CO, was released from
the eroded surface of the electrodes and the electrolysis was started.

The initial rate of pressure growth was measured in the linear part
of the pressure curve until 15 kPa pressure to prevent higher CO,
escape from the liquid. The pressure increases with growing current,
CO, concentration and the temperature (Fig. 3).

3.4 The increase of CO, pressure after insertion of a porous
material into beer

The rubber stopper was put into cold beer (5 °C) and the CO,
pressure was measured in the bottle neck with opening/closing pro-
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Obr. 6 Odpousténi tlaku z lahvi s naruSenou a nenarusenou sklo-
vinou, napInénych sycenou (5 g/l CO,) varni vodou, tfepanych 3 h
a ponechanych do druhého dne v klidu pfi 23 °C / Fig. 6 Pressure
growth in smooth and scuffed bottles filled with carbonated brewing
water (5 g /| CO,). Bottles were shaken for 3 hours and let 24 h at
rest 23 °C

niho tlaku uvolfioval oxid uhli¢ity a méfil se narust tlaku v hrdle lahve.
U stejného vzorku se postupné zvySoval odpoustéci tlak, pfiemz se
narust tlaku snizoval (obr. 4).

Pro méfeni ,utlumu® uniku CO, je mozné méfeni opakovat po do-
sazeni urcitého tlaku, nebo naopak pfi stejném ¢asovém intervalu
odpousténi.

Pryzova zatka obsahuje velké mnoZzstvi aktivnich mist pro uvol-
novani mikrobublinek CO,, jejichz pocet klesa jen pomalu, ale pfi
opakovaném odpousténi se napoj postupné ochuzuje o oxid uhlicity.

3.5 Narust tlaku CO, v hrdle lahve po jejim pfevraceni

Lahev s pivem se desetkrat obratila dnem vzhlru a zpét pfi za-
znamu tlaku v hrdle lahve (obr. 5). Po kazdém obraceni lahve se
jednorazové uvolnily mikrobubliny CO,, které pfi prlichodu kapalinou
prenesly CO, z kapaliny do hrdlového prostoru. NarUstajici protitlak
rychle blokoval uvolfiovani mikrobublinek z aktivnich mist pevného
povrchu. Rychlost procesu vzristala s teplotou, protoze rovnovazny
tlak CO, v kapaliné je teplotné zavisly na jeho rozpustnosti.

3.6 Vliv skloviny lahve na nartst tlaku v lahvi

Pfedchozim vybérem ziskana lahev s narudenou sklovinou a srov-
navaci lahev se naplnily varni vodou (5 °C), ktera se v lahvi nasytila
v laboratornim karbonizatoru na 5 g/l CO,. Po uzavieni se lahve tre-
paly (2 h) a ponechaly do druhého dne pfi 23 °C, po jejich otevieni se
méfil narlst tlaku s jeho opakovanym odpousténim (obr. 6). V lahvi
s naru$enou sklovinou CO, prechazel z vody do hrdla rychleji. Tento
postup mlze odhalit lahve s naruSenou sklovinou pfed naplnénim
pivem.

3.7 Narust tlaku CO, po pfidavku sladiny a mladiny do piva

Do lahvi s pivem (5 g/l CO,) vychlazenym na 5 °C se po odebrani
20 ml piva davkovalo 20 ml nefiltrované a filtrované sladiny nebo
mladiny a po uzavfeni lahve se méfil narlst tlaku po jeho opako-
vaném odpousténi (obr. 7). Na uniku CO, z piva se podileji pevné
¢astice sladiny i mladiny, jejich odstranéni filtraci tento vliv potlacuje.
Bézné pouzivani méfeni gushingu s aplikaci kalného extraktu sladu
do sycené vody mohou proto ovliviiovat vysledky méfeni. Naproti
tomu podle pfedchozich pokusl pfidavek nékterych kalnych mok-
rych suspenzi pevnych &astic, napf. Cerstvé vysrazeného oxalatu
vapenatého nebo Skrobu nezvySoval vyrazné unik CO,.

3.8 Mechanismus uUniku CO, z lahve

Méreni pretlaku v hrdle lahve po jejim nahlém otevieni a nasleduji-
cim uzavieni je jednou z metod pro méfeni nachylnosti napoje k pre-
pénovani. Mechanismus tniku CO, z ldhve zahrnuje nékolik kroku:

Plyn rozpustény v kapaliné—plyn vézany na pevnych
¢asticich—plyn v bublinach stoupajicich kapalinou—difize plynu do
bublin béhem jejich vystupu—tvorba pény na hladiné kapaliny—roz-
pad pény—unik plynu do prostoru nad kapalinou.

Neustalé obnovovani vrstvy mikrobublinek na pevném povrchu
urychluje prestup plynu, tvorba pény naopak pfenos zpomaluje.
Smés bublin a kapaliny se mize vynést z hrdla lahve, coz opét ovliv-
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Obr. 7 Otevreni/uzavfeni ventilu u 4 lahvi s pivem (5 °C, 5g/l CO,)
s pfidavkem 20 ml: filtrované sladiny (0—5 min), filtrované mladiny
(8-12 min), nefiltrované sladiny (15—22 min), nefiltrované mladiny
(25—-30 min) a varni vody (35—40 min) / Fig. 7 Opening / closing valve
procedure performed with 4 bottles of beer (5 ° C, 5 g /| CO,) with
20 ml addition of: filtered sweet wort (0—5 min), filtered hopped wort
(8—12 min), unfiltered sweet wort (15-22 min), unfiltered hopped
wort (25-30 min) and brewing water (35—40 min)

cedure repetition. Output pressure was increased which caused the
pressure growth to be slower (Fig. 4).

To estimate the damping of the pressure growth the measure-
ment was repeated after reaching an adjusted pressure, or vice ver-
sa using the same time interval between individual valve opening/
closing procedures. The rubber stopper contained a large number
of active sites which were exhausted gradually in combination with
decreasing CO, content.

3.5 Pressure growth during bottle turnover

A bottle of beer was turned upside down and back ten times and
the pressure in the bottle neck was recorded (Fig. 5). Each turnover
of the bottle detached CO, microbbubles, which passed through the
liquid and transferred dissolved CO, into the gas in the headspace.
Increasing overpressure blocked the release of microbubbles from
active sites of solid surface. The rate of the process increased with
temperature because the equilibrium pressure of CO, and its solubi-
lity depend on the temperature

3.6 Effect of glass quality on pressure growth in the bottle

On the base of previous selection scuffed and smooth bottles were
filled by brewing water saturated on 5 g/l of CO, at 5 °C and crowned.
The bottles were shaken (2 h) and left until the next day at 23 °C.
Pressure growth was measured with opening/closing procedure (Fig.
6). Scuffed glass initiated CO, deliberation more efficiently. This pro-
cedure could reveal scuffed bottles before filling beer.

3.7 Pressure growth after the of addition of sweet and hopped
wort into beer

After removal of 20 ml of beer from the bottle filled with cold beer
(0,51, 5 g/l CO,, 5°C) 20 ml of unfiltered or filtered wort was added
and pressure growth was measured using opening/closing procedu-
re (Fig. 7). Solid particles in wort initiated CO, evolution, which was
blocked by their removal by filtration. Commonly used measurement
methods of gushing based on malt extract addition into carbonated
water may therefore be influenced by its colloidal haze. In contrast,
previous attempts with the addition of wet suspensions of insoluble
particles, e.g. freshly precipitated calcium oxalate or starch did not
increase significantly CO, evolution.

3.8 Mechanism of CO, evolution

Pressure measurement in the bottle headspace can estimate the
bevarage tendency to gushing. Mechanism of CO, evolution from the
beer includes several steps:

Gas dissolved in the liquid—gas bound to the solid particles—-
gas bubbles rising in liquid—gas diffusion into bubbles during their
way —foam formation on the surface of the liquid—foam decay—gas
transfer into the space above the liquid

Repeated generation of the microbubbles from a solid surface
accelerates the transfer of gas from the liquid into headspace while
foam formation blocks this process. A mixture of bubbles and liquid
with low density can be carried off from the bottle easily while foam



KVASNY PRUM.
61/2015 (1)

12

Kinetika uniku plynu ze syceného napoje

nuje hustota pény, stejné jako jeji pfilnavost ke sklu (utésnéni pé-
nové ,zatky“). VSechny zminéné faktory proto ovliviuji tak rozdilné
projevy prestupu oxidu uhli¢itého z kapalné do plynné faze, jako jsou
dekarbonizace, pénivost nebo gushing.

Elektrolytické uvolfovani CO, zahrnuje fazi jiz odtrzenych bublin
béhem prlichodu kapalinou. Po odpoutani mikrobublinek vodiku do
nich intenzivné difunduje CO,. Stejny proces lIze predpokladat u mi-
krobublinek, upoutanych na pevnych &asticich, pfi¢emz se jejich ob-
jem zvétSuje. V napoji, zbaveném CO, je narlst tlaku v hrdle lahve
zpUsobeny uvolnénym vodikem zanedbatelny. Iniciace Uniku CO,
timto zplisobem Ize vyvolat i u sycené vody, bez ohledu na pfitom-
nost dalSich latek.

Z tohoto mechanismu vyplyva kli€ovy vyznam parametru doby po-
bytu uvolnéné bubliny v kapaliné, nebot béhem ni se bubliny oboha-
cuji difuzi rozpusténého plynu dovnitf bubliny. Mechanismus pfeno-
su proto zavisi jak na rychlosti difize, tak na pfekonani sily poutajici
mikrobubliny k pevnému povrchu ¢astice.

VétSina teorii pfedpoklada pfestup rozpusténého plynu do jiz exis-
tujicich mikrobublin, vazanych na pevnych &asticich v kapaliné, nebo
na vnitfnim povrchu obalu. Rdst primarnich mikrobublin je ovladan
tlakem v kapaliné a pisobenim kapilarnich sil, které urcuji mikrosko-
pickou rovnovahu mezi plynem a kapalinou v okoli bubliny.

Literatura vétSinou popisuje dutinu v pevném materialu tvaru mi-
krokuzele, u néjz rozhoduje styk tfi fazi, zda tlak uvnitf mikrokuzele
bude nizsi, nebo vyssi, nez okolni tlak v kapaliné. Na urovni mikro-
¢astic neplati tedy rovnovaha popisovana Henryho zékonem, nebot
parcialni tlak plynu uvnitf bubliny neodpovida tlaku rozpusténého
plynu v okolnim prostredi.

| po dosazeni rovnovazného tlaku v uzaviené lahvi se predpokla-
da vrstva mikrobublinek, vazanych na pevném povrchu.

Pfi poklesu tlaku v kapalné fazi po otevieni lahve se zvétSuje ob-
jem mikrobublin, jejichz odtrzeni mize nastat z rliznych pficin, nej-
Castéji vlivem vztlakové sily za klidu, nebo hydrodynamickou silou
za pohybu kapaliny. U piva nevykazujiciho gushing se po odtrzeni
¢asti mikrobublin ustavi rovnovaha, protoze difuze plynu dovnitf bub-
liny nesta¢i kompenzovat pokles tlaku, spojeny s jejim rozpinanim.
Nepravéa rovnovaha mezi kapalnou a plynnou fazi se oznacuje jako
pseudorovnovaha, ktera muze existovat i v oteviené lahvi.

Po novém uzavieni lahve se tfepanim zvysuje tlak v hrdle lahve,
coz zmenSuje objem bublin vdzanych na pevném povrchu, a plyn se
opét rozpousti v kapaliné. Po dosazeni skute¢né rovnovahy se ani
pfi intenzivnim tfepani nemohou odtrhnout dal$i mikrobubliny.

U piva s tendenci ke gushingu pfechéazi oxid uhli¢ity rozpustény
v kapaliné trvale do plynné faze.

Proto musi existovat mechanismus, ktery zaru€uje odtrzeni mik-
robubliny s naslednou tvorbou nové bubliny a opakovanim tohoto
procesu. PFi oteviené lahvi se tento proces zastavi az po poklesu
CO, v napoji a dosazeni nové pseudorovnovahy. Po uzavieni lahve
se pseudorovnovaha ustavi dfive, nebot rostouci tlak blokuje odtr-
Zeni bublin.

Prestup plynu z kapaliny do hrdla lahve se uskute¢riuje prostred-
nictvim aktivnich mist (,pérd“), ktera se mohou blokovat narlistem
tlaku v hrdle lahve, nebo poklesem obsahu CO, v napoji, pficemz
tyto mechanismy jsou vratné a Ize je obnovit poklesem tlaku v hrdle,
nebo zvysenim koncentrace CO, v ndpoji. Z pevného povrchu stou-
paji mikrobublinky €asto ze stejného mista, takze toto misto slou-
Zi jako pumpa, Cerpajici plyn rozpustény v kapaliné do plynné faze
bubliny, kterd po odtrzeni stoupd kapalinou. Pfi zvySeni okolniho
tlaku se tento pfenos zablokuje zmenSenim bubliny, takze jeji vztlak
nestaci k odtrhnuti od pevné Castice.

Mechanismus je podobny blokovani pért na povrchu filtraéni
membrany, pfi némz se rovnéz postupné blokuje pocet porl, které
se mohou obnovit odstranénim blokujicich &astic. Proto Ize vyuzit
vztahy popisujici blokovani filtraéni vrstvy (Hermia, 1982).

Rychlost Uniku CO, z ndpoje Ize studovat mérenim nardstu tlaku
v hrdle obalu po jeho odpusténi do okolni atmosféry a novém uza-
vieni lahve. Pro tento Gcel je vhodné méfit novy narust tlaku pretla-
kovym manometrem, s nulovou hodnotou pretlaku pfi atmosférickém
tlaku 101,325 kPa. Vhodnou veli¢inou je rychlost zmény pretlaku po
odpusténi a opétovném uzavieni obalu:

dp
9= )
kde p je pfetlak v hrdlovém prostoru obalu, g je tzv. tok tlaku plynu
z napoje do hrdlového prostoru, ktery je umérny hmotnostnimu toku
oxidu uhli¢itého z napoje do hrdla. Po dosazeni pseudorovnovazné-
ho pretlaku se g =0, naproti tomu v poc¢atku naristu tlaku je hodnota
Jakového toku“ nejvyssi a oznaluje se q,. Za start pokusu se pokla-
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Obr. 8 Zmérfené (meas) a vypoctené (calc) hodnoty pro narust tla-
ku po vlozeni pryzové zatky (stop = stopper) do piva (5 °C), (k, =
0,06/min, q, = 120 kPa/min) a pro pivo vykazujici pfirozeny gushing
(gush) pfi 23 °C (k, = 0,025/min, g, = 370 kPa/min) / Fig. 8 Measured
(meas) and calculated (calc) values for the pressure growth after the
insertion of the rubber stopper (stopper = stop) into the bottled beer
(CO,59/1,5°C), (k, =0.06/min, q, = 120 kPa / min) and for beer
exhibiting natural gushing (Gush) at 23 ° C (k, = 0.025 / min, q, =
370 kPa / min)

adhesion to glass (foam ,lid“ formation) enables pressure to be inc-
reased. All these factors therefore affect the different manifestations
of carbon dioxide transfer from a liquid to a gaseous phase, such as
decarbonization, foaming or gushing.

Electrolysis releases CO, bubbles while pass through the liquid.
After detachment of hydrogen microbubbles CO, diffuses into them
intensively. Volume growth of microbubbles bound to solid particles
caused by CO, diffusion can also be expected. In decarbonated be-
verages the pressure growth in the bottle neck caused by released
hydrogen is negligible. Rapid CO, escape from carbonated water
can also be initiated.

Bubbles are enriched during their ascent by diffusion of dissolved
gas so that their residence time is of great importance. Transfer me-
chanism therefore depends both on the rate of diffusion and overco-
ming of the force binding the microbubbles to the solid particle surface.

Most theories assume transfer of dissolved gas in existing micro-
bubbles bound to the solid particles in. The growth of primary micro-
bubbles is controlled by the pressure above the liquid together with
the action of capillary forces which determine the microscopic equi-
librium between the inner gas in the bubble and pressure in liquid
around the bubble.

The literature usually describes a small conical cavity in a solid
material where three phases interface determines, whether the pre-
ssure inside cavity will be lower or higher than the ambient pressure
in the liquid. At the level of the microparticles is not possible to apply
equilibrium described by Henry‘s Law, since the partial pressure of
the gas inside the bubble does not correspond to the pressure of the
dissolved gas in the surrounding liquid.

Even after reaching the equilibrium pressure in the closed bottle
microbubble layer is assumed to be bound to the solid surface.

When inner pressure decreases after opening the bottle the volu-
me of microbubble increases, their bubble detachment can come for
various reasons, mostly due to the buoyancy force at the rest or hyd-
rodynamic force in the moving liquid. In non-gushing beer bubbles
evolution does not continue and pseudo-equilibrium is reached, be-
cause the diffusion of the gas inside the bubble is not sufficient to
compensate pressure drop associated with the expansion. That is
the reason why the system can not reach real equilibrium in the ope-
ned bottle of such beer.

After new closing of the bottle the pressure in the bottle neck inc-
reases, which reduces the volume of bubbles bound to a solid sur-
face and the gas is redissolved in the liquid. After achieving the real
equilibrium using intense shaking no microbubble can be detached.

In beer with the tendency to gushing dissolved CO, passes throu-
gh liquid into the gas phase continuously at rest.

Therefore, there is a mechanism that in this case provides micro-
bubble detachment which is followed by formation of new bubble and
repeating this process. In opened bottle the process is stopped when
the beverage CO, concentration reaches new pseudo-equilibrium.
In closed bottle the pseudo-equilibrium is reached earlier, as rising
pressure blocks the bubble separation.
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Obr. 9 Zmérené (meas) a vypoctené (calc) hodnoty pro narlist tlaku
pfi postupném prevraceni ldhve s pivem do dosazeni rovnovahy pfi
5 °C (k, = 0,4/otoceni, p, = 105 kPa) a 23 °C (k, = 0,44/otoceni, rov-
novazny pretlak p, = 220 kPa) / Fig. 9 Measured (meas) and calcula-
ted (calc) values for the pressure growth during tenfold turnover at 5
°C (k, =0.4/turnover, p, = 105 kPa) and 23 ° C (k, = 0.44 / turnover,
the equilibrium pressure p, = 220 kPa)

da nové uzavieni lahve, které musi nasledovat v co nejkratsi dobé
po jejim otevieni.

P¥i trvalém uniku oxidu uhli¢itého z napoje v klidu po otevieni lah-
ve blokovani uniku bublin vyhovuje rovnicim:

q=4,- e P (3)
kp=In(1+k,q,t) (4)

kde k; je konstanta charakterizujici samovolné odtrhavani bublin, ne-
bot ¢astice iniciujici uvolfiovani bublinek narusuji ustaveni rovnova-
hy a CO, unika i bez pohybu kapaliny. | v tomto pfipadé rostouci tlak
v hrdle Iahve unik CO, posléze vratné blokuje. Kromé toho se mohou
aktivni mista pro pfenos plynu blokovat nevratné (zanikat), coz od-
povida pomalej§imu narustu tlaku po jeho opakovaném odpusténi.

U piva bez nachylnosti ke gushingu po odpusténi tlaku a uzavreni
lahve se samovolné neuvoliiuje CO, a pretlak v hrdlovém prostoru
neroste. Oxid uhliCity Ize uvolnit klepnutim do lahve, nebo jejim obra-
cenim, ¢imz se odtrhne ¢ast mikrobublin z pevného povrchu.

Pfi jednorazovém odtrzeni bublin se narust tlaku zastavi po dosa-
zeni pseudorovnovahy:

q=q,-e*" (5)
kp=q,(1-e™) (6)
P=%(1—e'k2‘)=rf-(1—e"‘2‘) (7)

;
kde k, je konstanta charakterizujici blokovani odtrhavani bublin, p*
je pseudorovnovazny pretlak. Pfi trvalém tfepani pfechazi pretlak p*
na rovnovazny pretlak p,.

Platnost vztahu (4) se ovéfovala porovnanim vypoctenych a zmeé-
fenych hodnot narustu tlaku u posledni kfivky z obr. 4, znazoriujici
narGst tlaku po vloZeni pryzové zatky do studeného piva. Pro po-
rovnani se zobrazila kfivka u piva, vykazujici pfirozeny gushing pfi
23 °C (obr. 8). Platnost vztahu (7) se podobné ovéfovala pro kfivky
z obr. 5 (obr. 9).

Vztahy (4) a (7) vyhovuji poc¢ateéni podmince nulového pretlaku
pro zacatek méfeni. Kone¢na podminka p = p, je spInéna v realném
Case pouze po intenzivnim protfepavani. Pfi nizké hodnoté g, se
narlst tlaku snadno zastavi na pseudorovnovazné hodnoté a rovno-
vazna hodnota tlaku se ustavi az po delSim tfepani.

V rovnicich, popisujicich blokovani tniku plynu ze syceného na-
poje, se vyskytuje dllezity parametr q,, ktery Ize odeéist z kfivky
narGstu tlaku a udavajici poc¢ate¢ni narast tlaku po uzavreni lahve.
Hodnota parametru zavisi rovnéz na velikosti hrdlového prostoru,
v tomto ¢lanku se pfedpoklada 20 ml pro standardni plnéni pivni
lahve 0,5 I.

Rychlost pfestupu plynu do hrdlového prostoru se zvysi za pfi-
tomnosti latek urychlujicich uUnik plynu z népoje, které mohou byt
anorganického i organického plivodu a ¢asto jsou vazané na pevné

The transfer of gas from the liquid into the bottle neck is realized
with the help of active sites (,pores®), which can be blocked by the
pressure rise in the bottle neck, or CO, drop in the beverage. The
mechanism is reversible and can be reset by new pressure drop in
the headspace, or increasing the concentration of CO, in the be-
verage. Microbubble often rises from the same place, so that this
active place (“pore”) serves as a pump transferring gas dissolved
in the liquid with the help of microbubble, which rises through liquid.
This transfer is blocked if the bubble diameter dropped that much
so that bubble buoyancy is not sufficient to leave the solid particle.

The mechanism is similar to the blocking of the filtration mem-
brane, whose pores are gradually blocked, which can be reset by
removing the blocking particles. Therefore, relations describing filter
layer blocking can be used (Hermia, 1982).

The tendency to deliberate CO, from the saturated beverage can
be studied by the pressure growth measurement using opening/clo-
sing procedure. For this purpose the classical overpressure gauge
is recommended with zero pressure value at atmospheric pressure
101,325 kPa. The rate of pressure growth after opening/closing pro-
cedure is suitable value for the process description:

dp

9=, @)
where p is the overpressure in the package, g is gas “pressure flow
value — PFV”, which is proportional to the mass flow of carbon di-
oxide from the beverage into the headspace. At pseudo-equilibrium
or equilibrium pressure the g = 0 whereas at the start of the measu-
rement g is q,. Starting time of the measurement is defined at valve
open/close moment.

Continuous escape of carbon dioxide from the beverage at rest
after opening the bottle can be described by the blocking law:

q=4q,- e P (3)
kp =In(1+k,q,7) (4)

where k; is a constant characterizing the spontaneous detachment of
the bubbles followed by permanent disturbing of pseudo-equilibrium
even at rest of liquid. CO, escape is gradually reversible blocked. In
addition the CO, escape can be blocked irreversibly after active sites
termination.

The non-gushing beer beer does not release CO, and the head-
space pressure does not rise. Carbon dioxide can be released by
knocking at the bottle, or its overturning, which deliberates another
part of the microbubbles from the solid surface.

After one-time detachment of the bubbles the pressure growth sto-
ps after pseudo-equilibrium reaching:

q=q,-e™* (5)
k.p =q0(1—e*2‘) (6)
P=%(1—e’k2’):p'-(1—e’k2’) @)

’
where k, is a constant characterizing the sudden blockage of the
bubbles detachment, p*is pseudo-equilibrium overpressure. In the
course of continuous bottle shaking the pressure p* comes into real
equilibrium pressure p.,.

Validity of equation (4) was verified by comparing the calculated
and measured values in the case of the last curve from Fig. 4, which
shows a pressure increase after insertion of the rubber stopper into
the cold beer in comparison to the curve of naturally gushing at 23 °C
(Fig. 8). Validity of equation (7) is shown on Fig. 5 (Fig. 9).

Relations (4) and (7) satisfy the initial zero pressure condition,
which responds to the start of the measurement. The final condition
p = p, can be fulfilled in real time just after intense shaking. At low
value of q, the pressure growth stops at pseudo-equilibrium value
and the real equilibrium is established after a prolonged shaking.

The equations describing the blocking of gas escape from the car-
bonated beverage uses parameter g, that can be determined with
the help of pressure growth curve at the start of measurement. This
value depends also on the headspace volume, but it was the same
for one kind of the bottle filled up to constant level (20 ml of headspa-
ce for bottle filling 0.5 liters) in our experiments.

The rate of spontaneous CO, transfer from the beer to headspace
increases with the presence of CO, transfer accelerating substan-
ces, which can be of inorganic or organic origin often in the form of
the solid particles of suitable size and electrical charge.
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Kinetika uniku plynu ze syceného napoje

Castice, pficemz zavisi nejen na velikosti ¢astic, ale také na jejich
elektrickém néboji.

VétSinou se tyto latky ztotoznuji s hydrofobiny, které do piva pre-
chazeji ze surovin. Podle naSich zkuSenosti mohou astice vhod-
nych vlastnosti vznikat také skladovanim piva v klidu i za pohybu
jako ¢astice koloidniho zékalu specifické velikosti i naboje.

U nékterych vzorku rostla nachylnost k pfepénovani s dobou
skladovani, ale po dosazeni stalé hodnoty se jiz dale nezvySovala,
pfitemz zaviselo na druhu pivovaru, kde bylo pivo vyrobeno (Savel
a Kosin, 2014b).

Spekulativni vysvétleni zahrnuje i moznou tvorbu mikrobublinek
kysliku, vznikajicich rozpadem peroxidu vodiku, tvofeného pfi star-
nuti piva. V Uvahu pfichazi i adsorpce ostatnich plyni kromé CO,na
pevny povrch ¢astic, kde tvofi iniciaCni mista pro uvolfovani oxidu
uhli¢itého.

4 ZAVER

Méreni narlstu tlaku oxidu uhli¢itého v hrdlovém prostoru lahve
podle narustu tlaku v hrdlovém prostoru je jednoducha technika pro
stanoveni nachylnosti piva k pfepénéni.

Tato technika také umozfiuje testovat vliv pivovarskych substratd
a procesnich parametr(i na nachylnost piva k pfepénéni piva v lahvi.
Rovnéz se mlze pouzit k vyhledavani lahvi s naru§enym povrchem
po naplnéni lahvi sycenou vodou.
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