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ABSTRACT

The brewing industry is facing challenges on ristognmodity prices and utility prices that
rise by a high margin on a yearly basis. Effectmethods are required to reduce other
process variables which elevate the operationakadasthe production of beefhe aim of
this study was to design and investigate the optamatrol philosophy for beer fermentation
using the proportional integral derivative (PIDntl| algorithm in the Micro-Brewery at the
University of the Witwatersrand. This will be achéel by controlling the cooling regimes of
the fermenter jacket in order to compute the gamstant (K) that would minimise the dead
time (Ty) and process reaction time;XTand produce a beer which will have desirable
palatability attributes. All investigations wererfsgmed using é&accharomyces cerevisiae
yeast strain and wort of 14 apparent extract. The controller constant, theeldene and
rise time were found to be 9.6 second ,2 secondslarcond, respectivelfhe Isoamyl
acetate, Ethyl acetate and Ethyl Caproate esters ¥eeind to be 6.8, 25 and 9 ppm,
respectively and the vicinal diketones (VDK) lewehs found to 20 ppb at the end of the
fermentation. This study showed that beer colouBO¥E was found to improve with
fermentation temperature for the first 2 days twemain unchanged and showed that
temperature is a possible process variable in fitencsation of colour. The study also
showed that the fermentation rate and durationeas® with increase in temperature. The
flavour ratio (R) improves as the temperature iases. The developed simulation program

helped in selecting optimal profiles to reduce diéa& and improve the controller efficiency.
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CHAPTER ONE

1. INTRODUCTION

1.1 Background and motivation

The brewing process can be divided into two submestbrewhouse and fermentation.
Brewhouse operations are those involved with thadgetion of fermentable extract from
malt, recovering, and then stabilising it, whicltludes five processes: milling, mashing,
lautering, boiling and trub separation (Lewis andukg, 1995) The second section is the
alcoholic fermentation an important stage in thesrbproduction. During this phase,
fermentable sugars present in the brewing worttemesformed into ethanol and several
aroma compounds that are important for the finar Bavour. The main factors influencing

fermentation performance and beer quality are bswe (Hough et al, 1971).

e The choice of yeast strains.

* The condition of the yeast at the time of pitching.

e The amount of yeast added to the wort.

e The distribution of the yeast in the fermenting wdhroughout the

fermentation, and size and geometry of the ferntiemaessel.

» Aeration (rousing or stirring).

* Fermentation temperature and pressure.
The main focus of this work is to utilise the Prdpmal Integral Derivative (PID) control
procedures to optimise the fermentation temperaguodile so as to produce beer with

desirable specific gravity (SG), pH and alcoholeantration of the wort.



1.2 Resear ch problems and Questions

The ultimate goal of this research is to utiliseDPd¢ontrol approach to optimise the
fermentation process. Reduction of fermentatioratioin without any alteration in the quality
of the brew is the main issue affecting all brewepgrations (Boulton,1991). This research

therefore will attempt to address the following sfien:

» Is the control of temperature profiles the only way optimise the
fermentation process?

» Would PID control approach assists in the reductibthe fermentation
duration in the Wits microbrewery?

» Does proper fermentation process control influesrcaffects the rate of

maturation of the beer?

1.3 Hypothesis

Temperature control and optimisation can lead siefafermentation with stable flavour

profile.

1.4 Justification of the study

Various studies have been perfomed with the ainvalalate which of the three control
configurations are best to be used in industrialesbiotechnological processes. The three
conventional control algorithms studies were prapoal(P), proportional and integral(PI)
and Proportional integral and derivative contrd{PIThis study attempts to use the PID

controller performance on a macro scale in the Witsversity microbrewery.

1.5 Purposesand aims

The aim of this research is to develop a simple ehdor the control of temperature and

specific gravity of the wort during fermentatidrhis could be achieved by;



» Specification of the control valve to control theoting water flowrate into the
fermenter.
> Integrate PID control algorithm (Proportional IntaigDerivative control) to

regulate the fermentation temperature during fetatam.

1.6 Dissertation outline

Chapter 1

This chapter discusses the background knowledgerantiyation of this study, justification

of the study, scope of the project, research proldad questions, purpose and aims.

Chapter 2

Literature is reviewed to provide background knalgie on the fermentation process and
various process variables important to successfaffyimise the fermentation process.
Brewing process is highlighted with detailed inf@ation on process units that are relevant to
the focus of this dissertation. Emphasis is plasediescribing key points when looking at
beer quality and its characteristics. The chaptr Bocuses on various important aspects of

fermentation biochemistry and the formation of daw compounds.



Chapter 3

This chapter explains the experimental procedukentaduring fermentation, this includes

sampling techniques, optimisation of temperatunetrod regimes, and analysis of various

objective functions that are important to the ollaptimisation of the fermentation process.

Chapter 4

This chapter aims at discussing the results oldeame possible reasons for their behaviours.

Chapter 5

This chapter comprises of the conclusions and revemaations drawn from the finding in

this work.



CHAPTER TWO

2.LITERATURE REVIEW

2.1 Brief History of Brewing

Alcoholic fermentation has been an activity thatedeback atleast 5000 years. According to
Corran (1975) 40% of the cereal crops in anciensdpetamia were used for brewing. Beer
is essentially a beverage produced by fermentaifoan agueous medium which contains
sugars derived mainly from cereals catalysed prailyi by yeast. According to Quain et al
(2001) Beer Brewing constitutes of three phasesstlf#i wort production in which raw
materials such as barley, hops, are used to proglna@ueous medium rich in sugars and
other yeast nutrients. Secondly, during fermentaticertain components of the wort is
assimilated by the yeast cells to produce ethazahon dioxide and a multitude of other
metabolic substances, which collectively form bddrirdly, post-fermenting processing in
which the immature beer is conditioned for consuomptAlcohol consumption is a custom
through all civilization. Forget (1988) reports @@tive beers which were produced from
cereals. The choice of the cereals depends maimithe type of beer, colour and flavor
profile the finished product must resemble. Thehaag of biotechnology has been of great
effect in the brewing industry. In the native bpeeparation, there existed a step where the
malt was masticated by the brewer. The human sabwtains amylase and ptyalin enzymes
which assisted in degrading the starch content haf grains thereby increasing the
fermentability of the wort. Due to the boiling stepvolved in wort preparation, beer was

historically viewed as sanitized water (Quain et2001).



2.2 Primary Fermentation

Primary fermentation is the initial fermentativeagk whereby carbohydrates are utilized by
the yeast cells and converted to ethanol, carboridk and other flavor compounds. This
phase consists of two metabolic pathways knowma®xidative (aerobic) and fermentative
(anaerobic) state (Reed et al., 1991). During thidadive phase, there is aerobic growth of
yeast until most oxygen in the wort has been degletvhereas during the anaerobic
fermentative stage the wort carbohydrates, suchglasose, maltose, maltotriose are
degraded by the yeast to produce ethanol, carlmadai (CQ) and other flavour and aroma

compounds. The mechanisms underlying the two biodda reactions pathways can be

broadly described as:

Oxidative: GH1,05 + 60, =——p» 6CO+ 6H,0 AG=686kcal

Fermentative: 1,05 = 2CQ+ 2GHsOH +Yeast AG =54kcal

WhereAG = free energy

As observed above the fermentative pathway releagpoximately 8% of the total energy
trapped in the sugars. The completion of the prymi@rmentation stages produces an
immature beer with imbalanced aroma profile. Thsniaturely fermented beer is termed
greenbeer. Process variables such as temperatureupgemsd yeast cell structure must be

monitored to ensure the success of the primarydntation. The individual impact of these



variables on the fermentation performance will Isewalssed in the subsequent sections of this

work.

2.3 Secondary Fer mentation

During primary fermentation the important flavourdaaroma compounds that characterise
the quality of the beer are produced by yeast noditah. These include higher alcohols,
esters, sulphur compounds, carbonyl compounds egahic acids. Secondary fermentation
is designed to improve the palatability of the grdeeer through flavour maturation,
carbonation, standardisation, chill proofing, diahtion, and clarification (Coors, 1977).
Flavour maturation is the most important phasellofhe aging process. Diacetyl,,& and
acetaldehyde are known to impart undesirable flevéo the beer and the main aim of the
secondary fermentation is to ensure that their eomations are kept below threshold (Reed

et al, 1991).

2.3.1 Flavour Compounds in beer fermentations

Moncreiff (1967) describes Flavour as a complexsagon comprising of taste, odour,
astringency, roughness or smoothness, hotness ldness, pungency or blandness. The
flavour attributes of beer are important in evahgthe feasibility of any beer fermentation
process. Esters, higher alcohols, VDK(vicinal dikets), sulphur compounds, organic and
fatty acids play a major role in the palatabilititbe beer. The following sections discuss

their individual or concomitant effects on the bamma and flavor.



2.3.1.1 Esters

Esters are flavour compounds that are generallyacterized by their fruity-flowery aromas
in beer. At extremely high concentrations they dbate to off-flavours thus making the beer
unpalatable.100 different types of esters have lidemtified in beer which can be grouped
into two categories (Drawert & Tressl, 1972; Medgd 1975; Engan, 1981). Branyik et al
(2008) identified these two categories as acetadecthyl group of esters. The acetates group
consists of compounds such as ethyl acetate(fradlyent), isoamyl acetates(banana) and
phenylethyl acetate (roses, honey, apple) whilgl@hmedium chained fatty acid contains
compounds such as ethyl caproate and ethyl capr{dgiple like aromas). The ethyl esters
are the most dominant presumably because etharibkisnost readily available substrate.
Studies of the mechanisms governing the ester sgitthave been exhausted by many
researchers, but no single author has clearly tegpdne complete mechanisms. Generally , it
is accepted that Esters are synthesized via twahbmical routes. Firstly, by the
decomposition of higher alcohols and acetyl/acyh@othe presence of the enzyme Alcohol
Acyltransferase (Nordstrom, 1962, 1963, 1964). 8dlo by esterases working in a reverse

direction(Soumalainen, 1981).

Traditionally, ester formation in batch processesaffected by the wort composition i:e.
specific gravity(SG), Lipids content, zinc and fie®mino nitrogen(FAN) content and process
conditions such as Temperature, pH, agitation regactor design(hydrostatic pressure,
dissolved CQ@ concentration) and pitching rate (Dufour, 2003,atGhbull, 1987 and

Verstrepen, 2003). The rate of ester formation ddpanainly on the availability of higher

10



alcohols and acetyl/acyl-CoA substrates and theigcof the AaTase Enzymes. According
to Fuji(1997) higher wort aeration affects estartbgsis through reduced availability of acyl-
CoA (used for lipid synthesis and growth) and intioin of AaTase . There’s an overlap in
many factors affecting their rate, but the distisbed factor is the Enzyme AaTase activity
and its gene transcript regulation (Malcorps et #091, Yoshioka et al .,1984). Several
authors observed a reduced level of ester formaispecially isoamyl acetate in immobilized
bioreactors. Masschelein (1997) reported that &belvaeration levels affects ester formation
in bioreactors. Several authors proposed that ystatns physiology is another factor
affecting ester synthesis in continuous systemsefGlaconsideration must be taken in
selecting yeast strain for controlling the esteration, since the average ester production
and the proportion of the individual esters diffevgh various strains of yeast (Dufour,
Malcorps and Silcock, 2003).The yeast strain eyguldoy the authors wa&saccharomyces
cerevisiae var uvarium.Ester formation is a sensitive process, whictifiscult to control
due to various factors influencing it. Various authproposed that the genetic modification

of yeast strains can be lead to the control ofr estethesis.

2.3.1.2 VDK (Vicinal Diketones)

The VDK'’s are undesirable at high concentrationd #me main purpose of fermentation
management is to ensure that their concentratidherinal product is less than its threshold
levels. In brewing the two commonly measured VDiK'deer are 2,3 butanedione (diacetyl)
and 2,3 pentadione. According to Mielgaard(1975)hbleave the flavour and aroma of
butterscotch but the threshold concentration o€etid is almost ten times lower than 2,3-
pentanedione, 0.15 ppm and 0.9 ppm respectivebcddyl and 2,3-pentanedione arise as an

indirect result of yeast metabolism. According toa) et al (2001) the occurrence of very

11



high diacetyl concentration in beer is indicatifenacrobial contamination. Historically this

condition was referred to as “sarcina sicknessiwinch beers developed a characteristic
sickly buttery aroma(Shimwell & Kirkpatrick,1939Ylany Brewers in the past believed that
diacetyl was a product of contamination, howeveis now accepted by the majority of the
brewers that a proportion of the diacetyl is a patdf yeast activity. Figure 2.1 presents the

pathway for the formation of VDK'’s and their subgeqt dissimilation.

Threaning
r/_.‘ -HH-_!
¥
Kelobulyrate
Pyryvate Thiaminpyrophosphate > i
CO,+2H -acetaldehyde :| GOy + 2H
# TFP + | +
¥
Diacatyl o=fcetolactale (e-Aeatohydrooy butyrate -‘fl—l’ 2, 3-Pentanedione
MNADH ————4——HNADPH —F )
NA[I'I—.—..\I
——NAD* = NADP %
L ] Hﬂﬂ‘q—r/
Aceloin 2,3-Dihydroxy-isovalerate 2,3-Dihydroxy-3-methylvalerale
MADH
NAD* }l i
= H,0 + | v
2.3-Butanadial l 2. 3-Pantanediol
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- -NH, »
Valine Iscleucine

Figure 2.1 The pathway of VDK, 2.3 pentanedione formation disdimilation in beer
fermentations (Bolton et al, 1988).

Chuang &Collins (1968) suggested an alternativeéertai figure 2.1. These authors perfomed
their investigations with radiolabelled substrafehese authors concluded that B
Cerevisiag acetoin and diacetyl arose from condensation tigec between
hydroxyethylamingoyrophosphate and acetaldehyde and hydroxyethy&amynophosphate

and acetyl-CoA, respectively. Although the evidesapported the existence of this pathway

12



the majority of work performed by others suggeb# it is likely to be of minor importance
and that most diacetyl arises via the route degibe Figure 2.1. Quain et al(2001) reports
that the biochemistry of VDK’s and the influencé fermentation conditions can be
considered in three phases: steps leading to timeaton of a-acetohydroxy acids, factors
affecting the spontaneous decarboxylation aefcetohydroxy acids and the subsequent
reduction of VDK. According to Quain et al(2001gtmajor rate-determining step for VDK
formation is the non-enzymic decarboxylation cecetohydroxy acids. Furthermore, the
subsequent yeast catalysed reduction of VDK is llyswary rapid. Therefore, analysis of
fermenting worts is usually referred to as ‘totaDK/ and represents the sum of
acetohydroxyacids and diacetyl. This is normallpelander high temperature ensuring that

all a-acetohydroxy acids are converted to VDK priornalgsis.

The formation ofa-acetohydroxy acids is related to amino acids nwisin. In this respect
the total wort amino acid content and amino aciecspim are influential, as are parameters
which regulate yeast growth and by inference affeaiino acid utilization(Quain et
al.,2001). During intermediate parts of the fermadinh a-acetohydroxy acids are passed to
the wort for oxidative decarboxylation for the fation of diacetyl and 2,3-
pentanedione.This process occurs spontaneously.arfiswthe end of the fermentation
process diacetyl and 2,3-pentanedione form acetoth 2.3 butanediol by means of yeast
cells reductases through metabolisms. These mésgplersist in beers but since they are
much less flavour-active than VDK, their presenaa be tolerated. Nakatani et al (1984a)
investigated the behavior of VDK’s under variousi@itions. He observed that at high levels
of wort free amino nitrogen (FAN) the VDK profil@edk the form of an extended peak,

which appeared early in fermentation. The auth@sahstrated that a relationship exists

13



between the minimum concentration of the FAN inwwet and the maximum evolved total

(T-VDK) max. Equation 1 describes the relationshsp

0.16] _+0.415

VDK, ———
TR FANL, — 3.8

(1)

From the above equation, it was concluded thatrderoto maximise the VDK in the wort,
the FAN level has to be kept at its minimum possitiireshold at all times. The author
concluded that since FAN utilisation and yeast ghoare positively correlated, thus, high
wort oxygen concentrations, trub levels, pitchiates and fermentation temperature, favour
rapid and extensive yeast growth, also promotedh MPK levels, presumably due to
increased FAN utilisation. Nakatani et al (1948bhfrmed the work of Wanwright (1973),
that amino acids valine and isoeuline contentshef wort has suppressive effects on the
formation of thea-acetohydroxy acid. These amino acids are assedilat the early stages
of the fermentation process and this repressivecesffaccounts for the delayed onset of the
VDK formation. Other amino acids (valine, leucir@anine, threonine, glutamate) and
ammonium chloride, all showed a decrease in the \@HKcentration during fermentation
(Barton and Slaughter.,1992). The reduction of VDBcurs in the later stages of the

fermentation process, specifically in the conditignstage of the fermentation process.
2.3.1.3 Higher Alcohol

According to Engan (1981) there are more than gb@édri alcohols in beer. Among these are
n-propanol, iso-butanol and isoamyl alcohols (2hyleand 3-methyl butanol) which have
organoleptic importance because they occur at ctrate®ns above flavour threshold.
Isoamyl alcohols are the most abundant in beeroslieg to Meilgard (1974), the aromatic

phenylethanol has a distinct rosy/floral ordoubé&er which is desirable characteristic of this

14



compound. Higher alcohols contribute to beer bgnsifying the alcoholic taste, aroma and
imparting a warmth mouthfeel. In addition, theyoalserve as a precursor as for ester
synthesis. The formation of higher alcohols takasgvia two metabolic routes, namely: the
anabolic and catabolic routes. The anabolic rosteachieved by synthesis from wort
carbohydrates via pyruvare, while the catabolideas synthesised as byproducts of amino
acid assimilation(Ayarapa.,1965). Higher alcohalkiave maximum concentrations in batch
fermentations coincident with cell growth arrestl aminimal FAN concentrations. Figure 2.2
represents the metabolic pathway of higher alcoldigch are of important for the beer

flavour.

TPP
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NAD*

Threonine

NADH NH, co,
TPP I
Acetate CoA oa-Acetolactaty # a-Ketobutyric acid Propanal

Pyruvate NADH

co?q NADw—)

Leucine \J

" 2,3-Dihydroxy- o-Aceto-chydroxy
Acetyl-CoA isovalerate butyric acid n-PropanoIl
-NH NADPH
2 NADH NADP
o~-lsopropyl af-Dihydroxy-

u-Ketoiso p-lscpropyl
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3-Methyl o-Keto--methyl t » Isoleucine

Isobutanal valeric acid

butan-1-al NH
NADH - NH, NADH
pmn- NAD* l;. co,
[isobutanol]

3-Methyl Valine 2-Methylbutan-1-al

butan-1-ol ?—‘— NADH
NAD*

k4
[2-Methylbutan-1-ol|

p-methylvaleric acid

Figure 2.2: Biosynthesis of some alcohols of imgace to beer aroma and flavour((Bolton et
al,1988)

In both cases, the immediate precursors are 2-oketp) acids. In the anabolic route the 2-

0X0 acids, arising from carbohydrate metabolisne, @ecarboxylated to form aldehydes,

15



which are reduced to the corresponding alcoholswuaneously, 2-oxo acids also derive
from amino acid utilization, which is termed theatmlic (Ehrlich) route to higher alcohol
formation (Chen.,1978, Oshita et al.,1995). Thetlsssis pathway is governed by amino
nitrogen concentration in the wort while lower |svef amino acid concentrations favour the
anabolic route. Initially, the catabolic route isegominant due to high amino acid
concentrations and overlaps with the anabolic rodtee to reduced amino acid

concentrations.

Control of higher alcohol formation during fermeita can be accomplished in three ways.
Firstly, by choice of an appropriate yeast stradiollowed, by modification to wort

composition, and, lastly, by manipulation of fermaion operating conditions. Szlavko
(1974), Engan (1978) and Romano et al. (1992) tyated the dominant factor influencing
the concentrations of higher alcohols employingiows yeast strains under identical
operating conditions, these authors concluded thatchoice of the yeast strain is the
dominant factor in the production of higher alcaholAccording to Hudson and

Stevens(1960) ale strainS €erevisiae var diastaticuproduce a greater variety of higher
alcohols compared to lager strafds¢erevisiae var uvarium)he concentration of higher

alcohols can be manipulated by the genetic modifinaof the yeast strains(Rous and

Snow,1983).

Higher wort oxygen and temperature enhanced yeamsttly thus favouring the higher
alcohol production. According to Quain et al (20@&jperature affects the rate of yeast
growth not the growth extent and therefore it stonbt affect the yields of metabolites

which are growth related. Peddie (1990) suggedtatiditering cell membrane fluidity and

16



diffusion rates can have good implications on th@ngh metabolites. An inverse correlation
exists between higher alcohols, other volatilegsyegrowth extent and applied pressure.
According to Rice et al (1976) in order to contnayher alcohol spectra, pressure should be

applied to the wort during fermentation.

Comparisons of higher alcohols were made to begmseited using a free and immobilised
systems. a trend was observed towards increasgadnl yields accompanied by lower 1-
butanol and isoamyl alcohol formation. This carabiebuted to yeast growth rates, levels of
amino acids utilisation and mass transfer limitagioDifferent immobilization techniques

yields differing results. For cells immobilized lntrapment (e.g alginate, carragenaan,
calcium pectate) the diminution of higher alcoha@sproportional to FAN utilization (

DOémény et al.,1998; Ryder et al.,1985; Smogfova et al.,1999). Control of higher alcohols
formation in continous systems can be achievedhwoyce of appropriate yeast strain, wort

composition, fermentation conditions, immobilisatimethod and reactor design.

2.3.1.4 Organic and Fatty acids

According to Meilgaard (1975) there exists 110 argaor short-chain fatty acids in beer.
This includes pyruvate (100-200 ppm), citrate (180Q- ppm), malate (30-50 ppm), acetate
(10-50ppm), succinate (50-150 ppm) lactate (50-BpM) and 2-oxoglutarate (0-60 ppm)
(Coote&Kirsop.,1974; Whiting,1976; Klopper et d@986). Organic acids contributes to the
sour flavours experienced in beer and are respensts the decreased pH during the
fermentative phase and impaires the head retemntitime final beer. For example, succinate
has a bitter/sour taste (Whiting, 1976). Short mddifatty acids such as caproic and caprylic
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acids impaires “goat like” aromas to the beer dyriarmentation. They are synthesised
anaerobically through pyruvate or TCA cycle andretexd into the beer as by-products of
yeast metabolism(Wales et al., 1980). The spectf@irorganic acids in various beers is
influenced by the wort compositions but the domtrfantor influencing their range is due to

the yeast strain employed.

According to the findings by Chen (1980), 90% ddefrfatty acids in the wort consists of
palmitic (16:0), linoleic (18:2), stearic (18:0) camleic (18:I) and (70-80)% of fatty acids
which consists of caprylic (8:0), caproic (6:0) arapric (10:0) acids. The author observed an
increase in the concentration of the total fattidsa@nd attributed this to the fact that the
longer chain fatty acids are assimilated by thewgrg yeast and impounded into the
structural lipids. The shorter chains are fattydadhat are excreted into the fermenting wort
as byproducts longer chain lipids. It can be dedubat any process variable favouring the
yeast growth will also favour the formation of sfeorchain lipids thereby increasing their
concentration in the wort. Thus higher temperathrgh pitching rate and high initial wort
oxygenation will favour the short chain lipid sya#lis reactions. Short chain fatty especially
Cs-C14 acids synthesis must be discouraged because itheégxac to yeast cells (Nordstrom.,
1964). This toxins are disruptive to the cell meam® and its excretion to the beer is

improbable.

No Literature has been found on the behaviour gawic acids in immobilised systems.
Minor differences were observed in the total orgaatid and pH in continuously fermented
beers and traditionally fermented beers (Smogmvé et al.,1999; Yamauchi et al.,1999).
However different acids within the total organicidaspectrum responded differently to

fermentation system and process variables. Thenargaids spectrum is highly dependent
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on the fermentation intensity, thus it can be rpalsted by changing the intensity and
duration of the respire-fermentative and fermewméatprocess stages (Smogkmua et

al,1999, Bolton et al,2006).

2.3.1.5 Sulphur Compounds

The majority of sulphur containing compounds ,bothanic and inorganic, contribute both
directly and indirectly to beer flavour. Most oetfe sulphur compounds are derived from the
wort and remain unutilised, while others are alledeiring yeast metabolism. Particularly
H,S (hydrogen sulphide) and $ulphur dioxide) are influenced by yeast metamoliBoth
compounds are undesirable in higher concentratioriseer due to their ability to impart
undesirable aromas and flavours.,2@n form reversible adducts with carbonyl compaund
thus promoting off flavour formations. In this wdgr example, high sulphite concentrations,
which may arise during fermentation, can stabiler flavour by binding compounds
associated with beer flavour staling such as adetgide and trans-2-nonenal. In addition,
sulphite acts as a natural antioxidant. Dufour let(¥089) demonstrated that a positive
correlation existed between sulphite concentratiand wort OG(original gravity).
Conversely, increase in wort oxygenation, or eledawvort lipid (in the form of trub) was
associated with reduced gMilute wort or partial alcoholic beers have unddsde staling
potential due to the reduced sulphite concentrafldvis shortfall is normally accounted for
during packaging, but this is an expensive procedand requires additional labeling in
various countries (Quain et al,2001). Dufour (198iEcussed the significance of carbonyl-
sulphite adduct formation during fermentation. Thighor highlighted that the degree of
binding of each type of carbonyl would be a funatiof the magnitude of the adduct’s
equilibrium constants. In this regard, the highagfihities would be shown for acetaldehyde,

whereas the VDK’s would have medium affinities. $hbe sulphite formation rate regulates
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the proportion of carbonyls bound as adducts aad ftiaction reduced by yeast. Carbonyl
adducts persisting in beer are flavour negativeydwer, under some circumstances they may

be released to exert their staling effects.

H,S accumulates during the early parts of the feratemt process and then declines in later
stages (Clarke et al.,1991). During faulty ferméates the later declining phases might not
occur and instead increase further resulting inflaffours. The Quantity of $$ formed is
much influenced by the yeast strain (Romano & Su92). Therefore, deficiencies in wort
composition, yeast strain physiology and inappwtpricontrol of fermentation process may
contribute to high concentrations o0& King et al (1990) reported that supplementatibn
worts with pantothenate (0.01 ppm) suppressess Hormation and decreases the
concentrations of SO2 and acetaldehyde (Lodold. el 895). These authors suggested that
this improves flavour stability by binding acetdigde to SQ in preference to more flavour
staling longer chained aldehydes. Addition of amawxd supplements Serine effectively

reduces sulphury odours in cask beers during saecgrhermentation.

Investigations on sulphite formation revealed thatorrelation between sulphite formation
and wort carbohydrates concentration (Korch et #891). These authors noticed a
concomitant increase in ethanol and acetaldehyales,proposed that these observations
implicated an intermediate of glucose catabolisnmeyl suggested that pyruvate and
acetaldehyde formed adducts with sulphides and dbjgrived the methionine synthetic
pathway of sulphite. As a result the sulphite sgtith pathway becomes increasingly
derepressed. According to dufour (1991) there ave $tages to sulphite formation during

fermentation. Firstly, during initial stages of thecess when the methionone and threonine
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levels repress the sulphite synthetic pathway. S#gpthe active growth phase during which
the methione and threonine concentrations dectora the yeast utilisation. This derepresses
the sulphite synthetic pathway. Thirdly, during ntadlate fermentations, during this phase
the yeast growth halts and the reductase enzymatydeclines. However the availability
of carbohydrates in the medium promotes sulphiteth®sis. The last phase entails the
depletion of the sulphite accumulation due to chyldoates reduction in the wort. Diverse
attempts have been made to genetically modify yesst that are unaffected by the presence
of amino acid suppressants (Dufour et al., 198%cKcet al., 1991; Hansen & Kielland-

Brandt, 1995).

Dimethyl sulphide (DMS) is another sulphur compasinesponsible for flavour attributes of
most beers. Its presence in beers is detecteds lwystinct “cooked sweet corn” or “cooked
cabbage” aroma and flavours (Quain et al,2001). DM8ly exceeds its 30ppb threshold in
ale beer(Harrison & Collins, 1968). However, itvisry prominent in lager beers with the
threshold range of 30-100 ppb. It is objectionalde concentrations greater than
100ppb(Anness & Bamforth, 1982). It is known tha#!® is produced in two phases, firstly
by the decomposition of S-methylmethionine(SMM) idgr kilning, secondly by the
reduction of DMSO. Kilning is the final phase of linay, it reduces the moisture content of
malt in order to increase its storage time andeedotential for fungal infection and growth.
DMSO is formed above 60°C kilning temperatures (@smet al., 1979; Parsons et al., 1977).
Both DMS and DMSO are produced during malting psscd he proportions produced are
modulated by malting conditions, wort quality ar@fmientation conditions (Anness &
Bamforth, 1982; Dickenson, 1983). SMM is convertedMS during wort boiling. DMS is
heat unstable and the majority of it is lost durimgrt boiling . Conversely DMSO is heat

stable and continues unaltered throughout masmdgvart boiling. The conversion of SMM
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to DMS is temperature sensitive and halts durimgnémtation due to low temperatures.
During fermentation SMM is assimilated and cone@rto methionine by yeast cells. DMSO
in wort is reduced to DMS by yeast during fermanta{Anness et al., 1979; Gibson et al.,
1985). Gibson et al (1985b) demonstrated that geeiBc activity of dimethyl sulphoxide
reductase increased when yeast growth ceased. fidiease in specific activity was
associated with nitrogen limitation. Investigationgere undertaken to validate this
proposition. in defined media, DMSO reduction wasrnfd to be rapid in mediums where
methionine was the limiting source. From these Itesit was concluded that DMSO
reductase was subject to nitrogen catabolite refmesind that it was involved in the uptake
of methionine. Annes and Bramford (1982) summaritbedeffects of fermentation variables
other than wort amino nitrogen on DMSO reductionybgst. These authors observed fat
cerevisiaewere more effective tha®s. uvarum lager strains Low temperatures favour
formation of DMS by yeast and this may partly explarhy levels in lagers are generally
higher than ales. Wort concentration and DMS foromaby yeast are positively correlated.
The relationship is not linear and at very highvgres there is a disproportionate increase in
the yield of DMS. Formation of DMS during fermembat is favoured by high pH. High

capacity deep fermenting vessels are associat&dhigh DMS levels.

2.3.2 Assimilation of Wort Nutrients

2.3.2.1 Sugar uptake
Different brewing yeasts strains consume a variaplectrum of the carbohydrates in the

wort. These carbohydrates includes glucose, sucfng#ose, maltose, galactose, raffinose,
maltotriose and dextrins. According to Quain eR@1) sucrose is always utilized first and

the resultant hydrolyses is followed by an incraaseuctose. Fructose and glucose are more
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or less assimilated simultaneously. The disappearari glucose is followed by maltose
uptake ,which is the major carbohydrate in brewivayts. Maltotriose is utilised after all
maltose has been assimilated. Dextrins are higbbtsaccharides that are not utilised by
brewing yeasts. They contribute to beer flavourrbgarting palate fullness. Investigations
have been carried out to utilise dextrins, firétjyyeast strain genetic modifications (Tubb et
al., 1981; Goodey & Tubb, 1982;Vakeria & Hinchliffed89; Lancashire et al., 1989; Hansen
et al., 1990). Secondly, hydrolysation of dextrirss achieved through addition of
commercialised dextrinase enzymes to the wort.SHuygiential uptake of wort sugars reflects
the genotype of the yeast and ways in which thexmessed by repression and induction and
by carbon catabolite inactivation. There existstipld carriers for individual sugars, their
activities are regulated by the spectrum and cdnagons of sugars in the wort . According
to Langus (1993) glucose is the most preferredtesaties its existence represses carriers for
subsequent sugar uptake. There are two mechamigtufmbse uptake: low affirnity and high
affinity types, which operate by facilitated diffas (Bisson & Fraenkel,1983a). Both
mechanisms are active with glucose and fructose HAigh affinity carrier requires the
presence of a kinase although phosphorylation wfagle during uptake has been discounted
in view of the evidence that the non-phosphorylabialogue, 6-deoxyglucose, had similar
uptake kinetics to glucose (Bisson & Fraenkel, 18988ruckenberg & Bisson, 1990). The
low affinity system is constitutive, whereas thgthiaffinity transporter is repressed in the
presence of high glucose concentrations (Bissorraeiikel, 1984; Neigeborn et al., 1986).
The role of the high affinity system is to provideavenging mechanisms in an event of
competition of glucose at low concentrations. Adoog to Does and Bisson (1989), the
repression of the high affinity system occur omyfermentative stages and it occurs as a
result of catabolite repression phenomenon. Itdees suggested that the low affinity system

is merely passive diffusion. However, Gamo et &98) refuted this on the basis that actual
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uptake rates using this transporter were 2-3 ordérsnagnitude higher than could be
accounted for simply by passive diffusion. The gke carriers are influenced by
components of the medium other than glucose it3élfis, it is reported that exhaustion of
nitrogen sources during batch growth brings abautraversible inactivation of the glucose
(and other) sugar transporters (Lagunas et al.2)198his inactivation is apparently due to
proteolysis of the carrier molecules (Busturia &uaas, 1986; Lucero et al., 1993). The

consequences of these effects to brewery fermentate unclear.

2.3.2.2 Uptake of Wort Nitrogenous Components

Wort nitrogenous content is heterogeneous in naf@eain et al.,2001). According to
Ingledew (1975) nitrogen spectrum consists of pnot20%; polypeptides, 30-40%, amino
acids, 30-40% and nucleotides, 10%. The amino &eiction is of most significance to
fermentation performance and beer quality. In orberassimilate wort nitrogen various
permeases are utilised, some vary with individuddlsaand general amino acids permease
(GAP) with various substrate specificities. Sindifato sugar uptake, the presence of an
exogenous supply of certain nitrogenous nutriefislishes the utilisation of others by

repressing the enzymes responsible for their aksdion.

According to Hinnebusch (1987) nitrogen assimilatie an active process that is energy
intensive. Olivera et al. (1993) investigated thevity of amino acid permeases in chemostat
cultures ofS. cerevisiaga technique which compares various nutrient &trons. These
authors concluded that the specific permeases hketg to be involved in uptake of amino
acids during anabolic pathways, notably proteintlsssis, whereas the GAP permease and

the others, which are subject to nitrogen catabdoéipression, had catabolic roles.
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The Nature of specific permeases has been investidey the use of mutant strain in which
only the carrier of interest is active. Garcia &wtyk (1988) studied L-lysine uptake in a
double mutant of5. cerevisiaeThey concluded that, in the strain used, a sigetHysine
permease was present, which was not active witho#mgr naturally occurring amino acid.
Tullin et al. (1991) classified specific permeaasseither high capacity, low affinity or low
capacity, high-affinity. Investigations into natwethe specific permeases have relied on the
use of mutant strains in which only the carriefrgérest is functional. The activity of these
permeases is regulated by environmental conditi®tesughter et al. (1987) showed that
increased pressure and carbon dioxide concentragurited in altered patterns of amino acid
uptake and that this could be related to changethanformation of flavour volatiles. In
general, any brewing wort made according to a gimethod will have the same amino acids
spectrum (O’Connor-Cox & Ingledew, 1989). ContrémyQuain et al (2001) infers that the
use of low nitrogen adjuncts can distract this begaTable 2.1 shows the typical amino acids

spectrum available in brewing wort.

Table 2.1: The amino acids spectrum in brewing wort by ordérassimilation during

fermentation (Pierce,1987).

Class A Class B Class C Class D
Arginine Histidine  Alanine  Proline
Asparagine Isoleucine Ammonia

Aspartate Leucine Glycerine

Glutamate Methionine Phenylalanine

Glutamine Valine Tyrosine
Lysine Tryptophan
Serine

Threonine

Class A amino acids are assimilated immediatebr afeast pitching. Class B are assimilated

more slowly than Class A, whereas Class C are sspteby Class A existence and are
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unutilized until class A acids are completely askited. Proline is the sole member of class
D and its dissimilation requires the presence wiitachondrial oxidase not present under the

repressed and anaerobic conditions of ferment@idang & Brandriss, 1987).

2.3.2.3 Uptake of Lipids

Lipids consist of a diverse group of molecules didkonly by their properties of sparing
solubility in water but being readily soluble inganic solvents such as chloroform (Bolton et
al,2001). Lipids uptake in brewing can reduce tkggen requirements in worts. Lentini et al
(1994) investigated the Lipid fraction of wort Trudnd discovered that 18:2 unsaturated fatty
acids were the most dorminant. Additionally, thesghors concluded that rich trub worts

have higher fermentation rates and higher yeasttbroompared to clear worts.

S cerevisiae var diastaticygast strains employ facilitated diffusion to atbsfatty acids at
low concentrations and simple diffusion at highaamtrations (Finnerty,1989). According to
van der Rest et al (1995), it is assumed that tiffestbn of lipids into yeast cells is
dependent on the lipid content of the cell memlsaisterols are passively assimilated by
yeast under aerobic conditions (Saleno and spa®i83,Lorenz et al.,1986), however results
show no uptake in stationery phase under anaerebpiration. This phenomenon is termed

aerobic sterol exclusion (Lewis et al.,1988).

26



2.3.2.4 Metal lon Uptake

Assimilation of metal ions is important to yeastisdirstly because, they are essential to
yeast cells as nutrients and secondly, they seswafactor of various enzymes in the yeast
cell. Zinc, magnesium and calcium are the most danti in brewing (Lie & Jacobsen,
1983,Lentini et al., 1990; Walker et al., 1996; mierg et al.,, 1997; Walker &
Maynard(1997). The absence of metal ions can cenet@bolic deficiencies in the yeast
cells. As with microbial cells, yeast cells can cemntrate metal ions that are non beneficial to
its physiological function. Thus creating a toxioveonment for the yeast cells. This is
normally evident when mixtures of metals are repmésd to the yeast cells. Yeast cells are
skilled at removing metal ion from external envinment. Avery and Tobin (1992) proposed

that they can be employed to recover metals of @oanvalue in contaminated water.

Metal ion uptake processes are classified into mamely, biosorption and bioaccumulation
(Quain et al.,2001). During biosorption the metals rapidly attached themselves to the cell
wall. This process is fast, insensitive to tempemtvariations, independent of metabolic
energy and unaffected by inhibitors. Several meisharor cell binding have been proposed,
this includes ion exchange, adsorption, precigtatand complexation (Blackwell et al.,
1995). Comparatively, bioaccumulation is a slowewcpss, affected by process variables
such as metabolic inhibitors, temperature etc. Geae particularly important in the
transport of metal ions and individual genes aspaoasible for regulating different uptake
systems, For example, gene FREI codes for a protd&ied to reduction and uptake of ferric
ions (Anderson et al., 1992). The high affirnitypper uptake system is regulated by the gene

CRT1 (Dancis et al.,1994). Bioaccumulation methoaslude Lipid peroxidation,
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permeation, involvement of specific carriers, endiosis and ion channels. All these methods
utilise ions concentrated within the cell. Onceha cells, ions are incorporated into proteins
or alternatively, they are sequestered within #léscFrom the latter option, cells serves as a
temporary store of useful ions and makes the cyioteffect of metal ions amenable

(Blackwell et al., 1995). According to Quain et(a001), metal ions can bind to yeast cells
and other wort components rendering useful metad imnavailable for assimilation. Lentini

et al (1994) reported that the worts with high togmtent were associated with reduced zinc
concentration levels due to non specific bindingwdver, kreder (1999) demonstrated that

yeast assimilate zinc bound to the yeast duringéetation.

2.4 Factorsinfluencing fermentation in brewery applications

Various factors influence the fermentation perfonge of beers, this includes wort clarity,

wort lipid content, wort oxygenation, pitching ratemperature and Pressure.

2.4.1 Temperature

Primarily, temperature has an effect on the metabodte and yeast growth during
fermentations. Many authors have embarked on iigadstg the effect of temperature on the
fermentation process. The overall conclusion was the higher the temperature the faster
the fermentation time, but with compromised flavand ethanol concentration. The
maximum temperature range that can be used forefetation should be between 30°G5as
many yeast species deactivate at high temperatungerresulting in faulty fermentations.
Several factors account for the unacceptabilitirigh temperature operations, including loss
in flavour volatiles and ethanol caused by gapping. Generally Ales (18-26) ferments at

higher temperatures compared to lagers #&)15Ales tend to be more highly flavoured than
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lagers, whereas lagers contain greater concentsatibmore subtle flavour components. The
greater flavour intensity of ales is partly dughie malts and hops used in their preparation.
In addition, the beers also usually contain greatarcentrations of higher alcohols and
esters. Some of these effects can be attributeédetyeast strain used for the fermentation.
Ales strains produce higher concentration of estars higher alcohols. However, increased
temperature also produces elevated levels of higlwmmhols and possibly esters (Stevens,
1960; Mandl et al., 1975; Kumada et al., 1975; Basat al, 1977; Miedener, 1978). Higher
alcohols are implicative of higher fermentation parature. Clarity has not been established
on the extent of the effects temperature has oergstarious factors can be implicative,
including wort oxygen concentration (Quain et abPP The temperature at which

fermentation is conducted may influence oxygen irequent. As the temperature at which

yeast is grown is reduced, the cells incorporatpra@gressively greater proportion of

unsaturated fatty acid residues into the plasma brn@me in order to maintain fluidity

(Boulton & Ratledge, 1985). There is a negativaalation between ester synthesis and wort

oxygenation levels.

Another aspect of high temperature might be itduerfce on the VDK. Elevated
temperatures increases the peak value of the VDiG$,only its value but also the peak
occurs ealier as compared to other temperaturési¢@eain et al,2001). In addition, the rates

of formation and declining are more rapid.
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2.4.2 Wort oxygenation

Oxygenation concentration is an important regulafoyeast growth. Oxygen is required by
yeast for sterol and unsaturated fatty acids sygmhehich are both necessary for cell
membrane functions. Attempts have been made tsifsiasrewing yeast according to the

minimum oxygen requirement for fermentation (Kirsaf®74; Jacobsen & Thorne., 1980). It
was proposed that Ale strains have a higher den@ndissolved oxygen as compared to
lager strains. However this proposition has notnb#®roughly validated. The oxygen

requirements in worts ranges from 4-35ppm. Conaéntrs above this can result in sluggish
fermentations. Oxygen availability, promotes yegsiwth. The increase of the oxygen

concentration in worts will favour further increaseyeast metabolites therefore reducing the
ester concentrations in the beer. The effects ghen on fermentation rate, yeast growth,
ethanol yield and formation of beer flavour compuserelated to yeast growth are also
modulated by the pitching rate (Quain et al,20FIgure 2.4 shows the results obtained by
Bramforth et al (1988), Which gave Pitching ratel6k10 viable cells and temperature was

11°C.
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Figure 2.3 The effect of initial wort oxygen concentration ethanol, yeast growth and
fermentation rate in a stirred tank laboratory femter using high gravity wort 1.060 (Bolton

et al,1988).

2.4.3 Pressure

Pressurizing the wort is a strategy to manipulatereformation, but if unmonitored has
potential to render deleterious effects to the fartation process through the manipulation of
the yeast cell growth. Pressure presents itselfhire ways during fermentation. firstly,
hydrostatic pressure due to the height of the fatat®n vessel. Secondly, osmotic pressure
of the yeast cells, or variable water activity whits related to the composition of the
fermenting wort. Thirdly, in closed vessels it igspible to restrict the outflow of carbon

dioxide and allow the fermenter to pressurise. Tm@gnitude of osmotic pressure is a
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function of the wort concentration, hence very hgghvity worts records osmotic pressures
of 40atm(owades.,1981). According to Gervais €1882) yeast cells can withstand osmotic
pressure of up to 100atm, provided they are inrthppropriate physiological condition.
Water activity and pressure characterise the osmedtect of the yeast cells. Normally in
solutions, solids and water activities are inverselated. According to Hocking (1988) few
yeast cells can withstand low water activities. Hrewing, water activities limits the
maximum gravity that can be used, without altefiagh beer quality and yeast conditions.
Pressure causes ultrastructural changes in yedlst, cesulting in leakage between
intracellular compartments (Shimada et al., 1988)estigations by Kamihira et al (1987),
shows that metabolic processes are disturbed by pgrgssures (L00MPa) and it is used as a

method of sterilisation.

Hydrostatic pressures is generated by the heigtiteobrewing wort in the fermenter. During
primary fermentation, agitation is important to elecate the fermentation process by
continuously circulating the yeast cells throughaié vessel. The circulatory process
subjects the yeast cells to fluctuating pressurerina the metabolic pathway of the yeast
cells and flavour profile of the beer. Pressur@matdf vessels exposes the yeast cell to
elevated pressures and high concentration of cadbmade. The effect of these two factors
have not been studied in context of fusel alcobalsin fuel alcohols production (Thibault et
al., 1987; L'ltalien et al.,, 1989). These authoiscavered that hyperbaric conditions
suppresses the ethanol formation. Inhibition byecardioxide appears to be more significant
than effects simply due to pressure. Hyperbariaditmms are only necessary to modulate
yeasts growth and beer flavour influenced by theratfions of other control parameters.
However, conflicting results were observed by Ratal (1976) and Arcay et al (1984). Rice

et al(1976) investigated the effects of carbon idiexop pressure of 0.16 MPa on 100litres
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of lager fermentations. These authors observed i extent of yeast growth and
concentrations of beer volatiles produced at 22%Zewthe same as those observed at 15°C
with no top pressure. While, Arcay-Ledzema & Slaegh(1984) observed reduced
fermentation rate, yeast growth extent and highehals at 2atm. Additionally, an elevated
concentration of the VDK was evident towards thd eh the fermentation with ale yeast
strain in use. Commercially, pressure fermentatompensates for deleterious effects of
high temperature on beer flavour (Nielsen et a@86l 1987). The relationship between
pressure on higher alcohols and ester synthesimdtear. Miedener (1978) reported a
number of analytical differences between beers frmmmal and pressurised fermentations.
The latter pH was higher, this is a consequencenafeased yeast shock excretion of
nucleotides and amino acids in response to highesspre. Additionally, reduced head
retention was also observed. The observed residtaisa result of yeast autolysis due to
increased content of short chain fatty acidsQg). In terms of flavour, normal fermented
beers offer no significant changes to higher alt®hexcept for 2-phenylethanol. In
pressurizes fermenters the concentration of 2ymtbanol doubled. Esters such as ethyl and
isoamyl acetate concentrations were not alterednommal beers but esters of hexanoic,
octanoic and decanoid acids were doubled in coretgon in pressurised fermenters. Also,
DMS (dimethyl sulphides) and VDK'’s were reducegrassure fermentation of wort. Posada
(1978) confirmed the hypothesis of pressure ontygeswvth. However, in his report he
suggested that the effect of pressure on flavoarpoments is strain specific. He discovered
that with two different yeast strains, elevated spuges had contrary effects on 2-
phenylehanol. Strain dependent variations are thly season to merge conflicting

observations of pressure application on beer fetatien.
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2.4.4 Yeast Physiology and Pitching Rate
The health of the yeast cell is important in breyipecause it dictates the quality and

character of the final product obtained. AccordindHeggart et al (2000), Yeast is known to
some extent to affect organic acids, esters, higlvahols, aldehydes and diacetyl throughout
fermentation and maturation, and consequently tong to the overall organoleptic
properties of the final beer. Therefore it is intpot to assess the quality of the yeast before
and after each fermentation stage. The qualityeasyis described in terms of its “viability”
or its “vitality” (Lentini, 1993). Yeast viabilityis described as the ability of yeast cells to
grow, reproduce and interact with their environméamart et al,1999), whereas Yeast
vitality has been variously described as a measlaetivity (D_Amore, 1992), fermentation
performance (Boulton, 1991), or the capacity toroeme and recover from physiological
stress (Smart,1996). Heggart et al (2000) repornte¢deir work various methods of assessing
brewer’s yeast viability and vitality. According fmnes (1987) major component of viability
measurements involves cell replication, methodsigusiital stains and measurements of
cellular products resulting from metabolic actie#i Yeast vitality methods usually involve
the measurement of specific yeast cell componenitisat to fermentation activity, or the
determination of a metabolic activity that may bkated to fermentation performance (Axcell
& O_Connor-Cox, 1996). Guido et al (2003) invedtgh the effects of physiological
conditions of the yeast on various fermentationesehauthors used yeasts with different
viability and vitality to pitch their worts in varus fermentation tests. The pitching rate used
was similar for subsequent batches of fermenting.\ogure 2.4 shows the conditions of the

yeasts used for various fermentations.
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Figure 2.4: Viability and vitality of yeasts useat fvarious fermentations, (a) fermentations 1

& 3: higher vitality; (b) fermentations 2 & 4 loweitality (Guido et al., 2003).

The carbohydrates profile obtained was similardibisubsequent fermentations. In the first
two days, there was increase in fermentation vigmar this was displaced by the drop in the
specific gravity of the wort. Clearly the vigour svaot due to the high replication rates of the
yeats cells, since there was no noticeable exténheo yeast growth. The vigour of the

fermentation was attributed to the intense metabaditivity catalysed by the yeast vitality

levels. These authors also indicated a high legélsulphur dioxide and acetaldehyde for
high vitality fermentations. The higher alcoholsdagster were also indicative for higher

vitality cells. Table 2.2 represents the higheohfds and ester found for these fermentation

tests.
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Table 2.2 The effects of yeast physiological conditions @eibalcohols and volatile ester
contents (mg/L). Beers 1&3 represents high vitdclpng yeasts whereas beers 2&4

represents lower vital yeasts.

Beer 1 Beer 2 Beer 3 Beer 4

Isopropanol 17.7 17.1 18.8 17.4
Isobutanol 11.6 13.3 11.9 13.2
Amyl alcohol 68.9 72.8 68.8 74.4
Ethyl acetate 17 17.3 17.1 16.7
Isoamyl acetate 1.2 1.21 1.14 1.17
Ratio alcohols/esters 5.4 5.6 5.4 5.9

Figure 2.5 shows the effects of the same fermemtsittonditions on the sulphur dioxide and

acetaldehyde concentrations.

16 14
- ] 75 |
|
E is.? .

4 4 |

|:. ]

1 2 3 4
Fermentation

Figure 2.5: The effects of yeast physiological agbads on the total S¢(™’and acetaldehyde
®contents at the end of the fermentations. Beers f&Besent high vital pitching yeasts

whereas beers 2&4 represent lower vital yeasts.
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2.5 Process Control strategy

A Proportional-Integral-Derivative (PID) is a thvimem feedback controller that has a long
history in the automatic control field, dating fraire beginning of the last century (Bennet,
1993). PID is the dominant form of feedback contreéd today and it has vast industrial
applications such as motor drives, magnetic andic opptembranes, flight control,

instrumentation etc. it comes in a variety formghsias standard standard single loop
controllers, as software package in a programmialglie controllers and distributed control

systems, as a built in controller in robots and [@&yers. The PID controller is the bread and
butter of automatic control, it is the first sotutito be tried and tested before any other form

of feedback is used.

The PID controller utilises a variety of turning chanisms to optimise its operational
efficiency. The most widely used turning algorithenthe Ziegler Nichols algorithm which
makes use of the process reaction curves (PRC)t dddke PID rules developed in the last
50yrs use frequency response methods. Examplesdmckiegler—Nichols rule (Ziegler &
Nichols, 1942), symmetric optimum rule (Kessler589Voda & Landau, 1995), Ziegler—
Nichols’ complementary rule (Mantz & Tacconi, 1988)me-overshoot rule (Seborg, Edgar,
& Mellichamp, 1989), no-overshoot rule (Seborg let #989), refined Ziegler—Nichols rule
(Hang, Astrom, & Ho, 1991), integral of squared dirweighted error rule ( Zhuang &
Atherton, 1993), and integral of absolute errorer@Pessen, 1994). These methods are
straightforward to apply since they provide simplaing formulae to determine the PID
controller parameters. However, only since a sraatount information on the dynamic
behaviour of the process is used, in many situattbay do not provide good enough tuning

or produce a satisfactory closed-loop responseekample, in practice, the Ziegler—Nichols
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rule often leads to a rather oscillatory respomseetpoint changes. Figure 2.6 presents the

general loop configuration of the PID controller.

—

+ .
—Setpoim@— Error» | K{.Ie(r)d r Process —Output—
0 ;

L D K, de(1)
dt

Figure 2.6: The mathematical representation opacé PID control loop

The P, | and the D are the Proportional, Integnal Berivative, respectively. The complete
representation of the controller is given below

t
u(t) = MV(t) = Kpe(t) + fi}/ e(7)dr + f{die(t)
0 dt 3)

Where Ky, Ki, K; is the derivative gain, integral gain and the prtipnal gains, respectively

The development of Ziegler Nichols was achievedhaysimulation of various processes and
correlating the controller parameters with featuoésthe step response. The key design
criterion is the quarter amplitude damping. Anotkey issue is to characterise a general
turning method for second order processes. Thergkerepresentation of the first order and

the second order transfer function is given in équg4).
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— —K"r = Ep
Po= vy ™ P armaem @)

The above equations are used to calculate the ggaeaction curves to estimate the reaction

rates and time delay.
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CHAPTER THREE

EXPERIMENTAL PROCEDURE

3.1 Materialsand Methods

Fermentation

All fermentations were performed in a 100litre ogioconical fermenter supplied by Falcon
Engineering (SA) (Pty) Ltd. All samples were proddcfrom the lager malt supplied by
SABMiller Alrode. All fermentations were maintained at 70 litre te@re efficient control of
the temperature and reduce potential high presghegscan affect the yeast metabolism
negatively and produce flavour. Low oxygen levetha start of pitching the oxygen in the
tank is replenished by supplying additional aimfran air cylinder until sufficient air levels
are reached before the pitching of yeast is comamssd. Fermentations were all performed
at various temperatures from 14-23, while all other process variables remain almbet
same for all fermentations performed. The wort wasntained at original gravity (OG) of
1.058 and apparent extract of 1% 3for all experiments to ensure consistency intfzl

investigations.

The fermentation tank was sterilized with wated@@°C for 30min prior to fermentations.
This is done in order to ensure that no bacteriath exists in the tank during fermentation
that can contaminate the water. During fermentasamples were taken manually every

12hrs for analysis.
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Yeast Cell Propagation

Prior to pitching the yeast cells were cultivated ahe propagated yeast strash €erevisiae
var uvariun) was monitored for vitality(intracellular PH by FOmethod) . Viable cells were
separated and propagated once again until theedegitching rate was reached. The yeast

was stored at °Z for 7 days.
Analysis of volatiles

Samples of the beer were recorded at every 12 peuwod and filtered using a 30microns
filter with an installed vacuum pump and stored3B0ml bottles and stored at’@in a
refrigerator. The filtering was to ensure thatyahst is removed from the beer to prevent
continued fermentation during storage and altergthiaity of the investigation. The storage
bottles were first sterilized by using the autoelat 108C for 30 min to ensure that no
bacterium persists in beers which might alter tlawdr profile of the beer. All samples
collected were sent to SABMiller Alrode for anal/sksters concentrations were determined
by using the headspace gas chromatography (GC-NI&g. Diacetyl concentration is
measured by using the Hewlett Packard 5890A gasnwdiography fitted with a HP6890

series injector .
3.2 Procedure

Modelling and Control Philosophy

Temperature was monitored and controlled using Bontrol loop designed and
commissioned at The University of the Witwaterstahde control loop employs the feed
forward control criteria. The PID controller (REX)Fsupplied by RKC INSTRUMENTS
INC, Control Valve(linch ID control) with a 4-20maActuating signal externally powered

electronic actuator which was supplied by SPIRAXR&O (PTY) LTD and Temperature
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Transmitter utilizing a K-type thermocouple ingerton the side of the cylindro-cornical
fermentation tank. The Temperature control loop td® the cooling water at inlet
temperature of % circulating in the fermenter cooling jacket. T¢mntroller inputs are the
derivatives, integral and temperature setpoints inadtuates the valve positioning. Figure

3.1 presents the schematic diagram of the fermenttnk with temperature control loop.

Recirculating water

+*

Control valve or
x Mass flow controller

|V [ S

PID chilled water
tank
TT, F--- i — .| controller
! TC

=k i

Figure 3.1:. The schematic of the cylindro-conicainientation tank and the temperature

control loop.

The derivation below is the modeling of the tanlergry balance which is the basis of the
control equation used to calculate other contraliabdes which are of importance for

optimization.
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Assumptions

1. The Heat transfer in the fermenter occurs radiafig all axial heat loss is negligible

due to the batch fermentation.

2. The only reaction occurring is the conversion aboaydrates to alcohol and flavor

compounds.

3. The film coefficient at the fermenter wall is negfile and heat loss or gained is due

to the cooling water in the fermenter jacket
The energy balance in the fermenter can be wraseiollows

Heat generated during fermentation= heat lost dubke cooling water effects

AH =Q (3.1)

QCUAT-D=FG T-EG L= QT D @2

U= Overall heat transfer coefficient of the tank

Ap=Area of the cooling jacket pipe

Cow= specific heat capacity of the water

Fin= water inlet flow rate

Tin= inlet temperature of the water into the tank
Toue= Outlettemperature of the water in the tank

Since the process is batch, so the heat of reachianges with time as expressed by equation

3.3.
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dT dT
AH =m,cp d_tb =P\ C, Ttb (3.3)

Combining equation 3.2and 3.3 will give:

dT, _ FuCpy (T~ T

(3.4)
dt PVLC,,

Where:

Ty= The beer temperature

Vp= volume of the beer in the tank
Coo= specific heat capacity of the beer
t= time

Process Control Philosophy

The controller used in these experiments is the &Bhe proportional integral derivative
controller. This controller was chosen due to fsity to minimize errors and process offsets.
Since the process capacity is large and the dead &nd offsets required should be

minimized therefore the PID controller is the shigacontroller used in this investigation
Mathematical Expression

The PID controller design equation for parametatsmation K, T; and T which will be

computed using the process reaction curves.
1
U(s) = K1(1+T—S+TdS)(1§S— ¥ (3.5)
Equation 3.5 below shows the control equation guwgrthe control valve in Laplace form
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K,

e (3.6)

CE

Where:

U(s) = controller signal to the valve

V(s)= exit flowrate of the water in the valve
K= the valve constant or gain

Controller Turning

Determining the constants in the PID controllerdisne by generating process reaction
curves. The process reaction curves were geneunategMatlab 7.1 The process variable is
then used to calculate the controller gain, intetinee and derivative time. These methods
are performed in an open loop, so no control aabiccurs and the process response can be
isolated. The Kto be used is the optimised valubich reduced the response time and dead
time to enable quality control of the temperatungrity fermentation. The controller
optimisation values are calculated using the Ziebliehols method. The parameters are
calculated using the formulas 3.7, 3.8 and 3.9.Rhend D are computed from the process
reaction curve given in the following section 4ttwR(s") being the slope of the tangent
touching the point of inflection and D(s) being timae it takes for the curve to resemble a

logarithmic behaviour.

1.2
K, === 3.7

1RO (3.7)
T, =2D (3.8)
T, =0.5D (3.9)
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CHAPTER FOUR

4. RESULTS AND DISCUSSION

4.1 Parameter prediction and estimation for cooluager control

(9

Fermentor

7.9 FCp, T,(9
PVpCDR,

Figure 4.1: The open loop response diagram ofalradntation tank.

PID Controller Control Valve Fermentor

PEILIRLNE:
T Ts HLs Vi

Ks

Figure 4.2: The Block Diagram of the temperatuneta loop in the fermentor.
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According to Figure 4.2, the setpoint temperatur@lesired temperature is specified as an
input into the system. The controller checks whetthere’s a difference in the setpoint
temperature of the tank and the actual temperasiread by the temperature transmitter. The
difference is registered as an error (e(s)) whiivates the controller action. The controller
sends a signal (U(s)) to the control valve’s aduathich actuates the valve position and thus
regulates the flow of water out of the valve whveill be set to the desired temperature. The
steady state values of the temperature will be hedowvhen the controller error (e(s))
becomes zero, thereby deactivating any signal éoctintroller. K, K, and Ks represent the
controller gain, control valve gain and the thermgale’s resistance gain respectivelyahd

K3 are known but Kis computed using the Ziegler Nichols turning frtme process reaction

curves as shown in Figure 4.3.
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Figure 4.3: The process reaction curve computed frgure 4.2.

The process reaction curve (Figure 4.3) above wagpated using the matlab software and
simulated to obtain the controller constants narttedycontroller gain (K),the dead time ()
and rise time (). The equations used for the computation of thedaes is discussed in
detail in the previous section section 3. The adlar constant (K),the dead time (@ and
rise time(T) were found to be 9.6 second ,2 seconds and hdewespectively. The obtained
controller gain is used as an input to the cordrotb determine the behaviour of the
controller for various temperature setpoints in taek. Figure 4.4 shows the open loop

behaviour of the tank temperature without the tewupee controller.
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161

Temperat reil)

Tme (5e)

Figure 4.4: The step response of the open loopviairaof the beer tank temperature

Figure 4.5 shows the closed loop response of te&emsyincluding the controller and the
controller performance for the setpoint representiéte setpoint chosen is %D and the
amplitude is represented as a ratio of the setpemperature. According to Ziegler-Nichols
the design criteria should be that the ratio ofdhecessive peaks which are computed from
the reference point of 1 as indicated on Figureig.3.2. The optimum design criterion by
Ziegler Nichols is 4. The designed controller viik 80% efficient as relative to the ideal

controller envisioned by Ziegler Nichols.
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48.8% overshoot at 5.7s

I
! Steady state:60s
I

Settling Time:34s,

A plituide

Rige Time:2.42s

| |
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Figure 4.5: The closed loop temperature responseepfresponse of temperature control

system using PID controller tuned using Zieglerhdis process reaction method

From Figure 4.5 the controller variables such as tise time, settling time, percentage
overshoot and the steady state value are reprelsentde figure. The rise time, settling time,
percentage overshoot and steady state time ars, 348, 48.8% and 60s respectively. It can
be deduced from the figure that it takes preciséseconds for the controller to maintain a

steady state valve position to regulate the tenperaetpoint in the tank.
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4.2. Temperature on the fermentation rates and time

A study was conducted in order to investigate ffeceof temperature on the fermentation
rates. Figure 4.6 represents the results of tmeertation rates at constant original gravity

(OG) while the experimental results are correlatetl predicted data in Figure 4.7.
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Figure 4.6: The attenuation profiles of lager fentadion performed at temperatures between

14-23C

All of the fermentations were perfomed with the ammt extract of 142 in a 100litres
unstirred fermentor with &accharomyces Cerevisgaast strain. As observed from Figure
4.6 the higher temperature favours high fermenatates. The rate will be interpreted as the
rate of decrease of the apparent extract per fiman the figure, 4.6 the highest rate will be
credited to the 2& fermentation temperature, which takes 5 dayseszh the maximum

attenuation level followed by the 2D which completes its fermentation in 6 days. ®ter
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insignificant change in the duration of the fernagioin as well as the attenuation profiles at
low temperatures between 142C8which might be accounted to the reduced actioftjhe
yeast cells at low temperatures. Since the samest y&aain is employed for all the
fermentation it is expected that the final extiaetat 3.8P for all fermentations. According
to the results obtained, it will be reasonableddute that higher temperatures are beneficial
for fermentations. Towards the end of the fermémnate extract point all seem to breakway
from the smooth profile predicted. According to tlesults obtained by Lucero et al (2000)
high temperatures reduced the yeast viability andipted high toxicity which is detrimental

to the functionality of the yeast cells and leamlfaulty fermentations.

140 _
Widdeg C

E‘ 130 4 Al6degC n
= A
= _ X18deg C
2 120 X
2 ¢20deg C
S .
= 110 -
% 023 deg C 4
= 100
;:‘ [
o
& 90 -

8{} | | | | | | |

80 90 100 110 120 130 140 150

Expertmental duration(hrs)

Figure 4.7 The correlation adequacy of the predicvalues as compared with the

experimental ones.
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Figure 4.7 represents the correlation between xdpeated fermentation and experimental
fermentation times at various temperatures. Theeeo fermentation times were estimated
using the correlation presented by Brown and Hand(®003) which is represented in
section 3.5. This figure was plotted with varioemperatures while other process variables
remain the same for all fermentations. as obsetiwedyraph is linear at high temperatures
which is represented by the low experimental daratiAt low temperatures the model
deviates greatly from the trend as compared tdrée at high temperatures. These results
are in agreement with the findings of Brown et 2043) which also concluded that the
fermentation rates at high temperatures are low@oapared to lower temperatures with all
the other process variables remaining the sameghaut for all fermentations. In Addition
to these findings, Brown et al (2000) also notieedincrease in fermentation rates at higher
dissolved oxygen concentration, yeast pitching aaig stirrer agitation speeds. The shortfall
of the above model is that it does not accounttliier toxicity of the beer due to ethanol

concentration increasing towards the end of thadeitation.

4.3 Effect of temperatureon flavour componentsin beer.

Beer Flavour is known as the overall integratedramspion of taste, aroma and mouth feel.
The mouth feel of every beer is the quality of bieer and every brewer’s goal is to ensure a
consistent product and avoid any changes in bedilerFigures 4.8-4.10 presents flavour
components of esters and total vicinal diketoneschvtare some of the major flavour

variables in the beer.
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Figure 4.8: The profile of ethyl acetate ester Withe during fermentation
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Figure 4.9: The concentration profile of ethyl czgie with time during fermentation.
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Figure 4.10: The concentration profile of Isoamylefate esters with time during
fermentation.

Figures 4.8, 4.9 and 4.10 show the various conagoitr changes of esters with temperature
during fermentation. The esters investigated apansg/ Acetate, Ethyl Acetate and Ethyl
Caproate which are known to exist in significantoamts in lager beers. Esters play an
important role in the beer as they regulate theatphbllity of the beer. Thus they were
investigated as the important attribute of bees @rtimised. As observed from figure 4.8-
4.10 all the esters investigated show an increaseoncentration with time at various

fermentation temperatures. These results are iordance with the ones reported by Peddie
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(1990). The increase in concentrations with tentpeeais due to the yeast cell membrane
fluidity at high temperatures which modulates tloevaty of the membrane bound alcohol

acetyl transferase (Peddie, 1990). In general, heghperatures favour high mass transfer
rates, hence at high temperatures the diffusitas raf esters from the cells into the beer also

increase causing high concentrations of the flacounponents.

It is evident from Figure 4.7 that the ethyl acetltity) has higher concentrations as
compared to Ethyl Caproate and Isoamyl acetateaf@Apple flavoured) esters at all
temperatures investigated. According to the stuslydacted by Boultox et al (2001) with
wort of 7.9P apparent extract and °@3fermentation temperature obtained the ethyl &zeta
and Isoamyl Acetate concentrations were of 12ppnd drbppm respectively. The
experimental results obtained from this study wiith wort of apparent extract of 1Z3and
the final concentration at highest temperature stigated was found to be 25ppm, which is
reasonable this is because the original appardrdaatxused is almost double as compared to
the one utilised by Boultox et al (2001). Thesaultsswere also validated by Andersenal
(1974) who also concluded from their findings tbster levels increase exponentially with an
increase in wort original gravity. Ethyl Acetatdezsexists in higher concentrations due to the
availability of ethanol as a substrate for its fatimn. Their exponential increase with time is
a strong result of the ethanol concentration irgirgpduring fermentation as indicated by a
drop in apparent extract in Figure 4.5. For all fimenentation performed above it is evident
that the ester concentration in the beer increasgmnentially with an increase in
fermentation temperature. Therefore, the monitoriofj ester concentrations during
fermentation is an important tool to check whetakrflavour compounds are within their

expected concentration limits as set by industoi@weries. The control of fermentation
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temperature is therefore important in order to jatethe end product ester concentration

prior to the brew.
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Figure 4.11: The total vicinal diketones(VDK'’s) @amtration with time at various

fermentation temperature.

Figure 4.11 presents the results obtained for tatahal diketones concentration in lager
beers. As described in Chapter 2, VDK'’s impartaitidoscotch flavour and are unpleasant in
lager beers at high concentrations and they cam s#sve as a tool for optimisation.

According to Wainwright (1973) the acceptable lew&élVDK'’s in beer is 0.6 ppm. The
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concentration above 0.6 ppm is only noticeablerduthe first few days of the fermentation
and reduces at a greater level towards the enlll fefrimentations reported. As seen in Figure
4.11 the profile of VDK'’s is parabolic in naturerfall temperatures investigated. VDK'’s
concentrations increase with temperature in tret few days and drop exponentially as the
fermentation progresses. The results obtained fgsesmsimilar trend to the ones reported by
Boultox and Box (2001). Although the direct impacot temperature on the VDK
concentration is during fermentation is uncleart Banditions that produce rapid yeast
growth also promotes the formation of VDK’'s (Inoe¢ al., 1991). High temperature
facilitates the diffusion of glucose and other fentable sugars into the cell and thus favour
rapid yeast growth (Quain et al., 2001). Henceait be deduced that temperature can also
affect VDK formation in lager beers. As observednir the figure 4.11 the maximum
concentration of VDK's is reported at Z3 at 0.14 ppm, and the maximum VDK formed
drops as a function of temperatures witfQaving the lowest maximum concentration
achieved towards the end of the fermentation or'thgay. The drop in concentrations of the
VDK after its peak is ascribed to the activatioryeést reductases, However, the reduction in

VDK production is unclear and their activity mecksamns is outside the scope of this study.

At lower temperatures the maximum VDK is reachedrriee end of the fermentation which

is very disadvantageous as it will require prolahgecondary fermentation and maturation
period in order to reduce the concentration of@iletones to acceptable levels and improve
the palatability of the beer. On the other handskrondary fermentation and maturation the
fermentation temperature will have to be reducef’@in order to deactivate the yeast cell
metabolism. The cooling effect at the end of thenfntation can incur great expenditure on
the utilities thus increasing the total cost of ttrew. Due to high utility expenditure of

approximately 7kW/litre of beer, it will be reastt@to operate the fermentation at low to
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moderate temperatures in order to reduce the yutddsts and reduce the secondary

fermentation period by a significant difference..

T-VDK /Esters ratio

R
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Figure 4.12: The variation of the total vicinal éignes (VDK’s) to total esters ratio(R)with

temperature.

The ratios of VDK/esters were calculated from tinalfconcentrations of esters obtained and
the VDK'’s at the end points of the fermentationga®s. These were computed in order to
check the flavour profiles of the final beer. Fréigure 4.11 a model can be devised that will
help to determine the quality of the beer to belpoed prior to the fermentation knowing the

yeast strain and other process variables that easeb prior to the fermentation by only
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knowing temperature as a process variable. Thedlaxatio (R) reduces as the temperature
increases. At higher temperatures it is evidentnfrthe figure that esters increase in
concentration more rapidly than VDK’Saccharomycs cerevisiageast strain function

optimally at temperatures between 18Q5it is generally known that between these
temperature range the yeast viability and vitalgyhigh enough to help facilitates the

diffusion of nutrients and metabolites from anaittie beer by the yeast cells.
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Figure 4.13: Variation of beer colour at variousrientation temperature.
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Figure 4.13 presents the changes occurring to aleurcof the beer during fermentation at
temperatures investigated. The results obtained ghat there’'s a correlation between the
fermentation temperature and the final beer coldwcording to the results beer colour
improves as the temperature increases. The highésir quality that can be obtained is at
23°C with the EBD of 9.2 No consistent literature has found the impactaibur during
fermentation. The results obtained can be due @oMhillard reactions between reducing
sugars and amines form melanoidins, which conteibiat beer colour. These reactions
continue in fermentation and the rate is propoeiai® temperature and reducing sugars
(Quain et al, 2001). The results for°@0and 28C degrees temperatures seem to have
overlapping from the first day of the fermentatiofhis can suggest that the optimal
temperature needed to promote the maillard reagction the colour change is reached at
20°C. The colour reaches minimum level at®BBC which is the point at which the
reducing sugars reaches their optimum level to ptenthe maillard reactions. Various
investigations should be conducted to investigate a@ffect of colour at various starting

original gravity and fermentation temperatures &B2$C utilising a different yeast strain.
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CHAPTER FIVE

5.1 CONCLUSIONS

Control scheme of temperature during fermentatiqgmegments in the Wits Microbrewery
has been synthesized and used to optimise beettyguRtoportional integral Derivative
(PID) control algorithm has been used to regullageférmentation temperature by controlling
the cooling water flowrate with a control valveidtobserved that the increase in temperature
affects the rate of fermentation of the lager beeestigated and esters and diketones flavour
compounds. Positive correlation exists between déster compounds formed and the
concentrations at increasing temperatures. The mani obtained concentrations of ethyl
acetate, ethyl caproate and isoamyl acetate afe 95 and 6.4 ppm respectively. VDK’s
concentration increase in concentration as temperancreases for the first few days of the
fermentation and reaches a maximum concentratioiordoebeing reduced by other
competitive reactions for the substrates. The mawinconcentration of VDK'’s reached at
14,16,18,20 and 28 are 120,132,148,156 and 168ppb respectively. Maximum
concentration to be reached is positively correlatgth fermentation temperature and the
ultimately the beer taste and flavour thresholde Timal concentration of VDK’s can be
regulated by increasing the storage time of the daeng maturation as the concentration
drops to lower levels during maturation. The flavoatio(R) improves with increase in
temperature showing that longer fermentation imesothe flavour threshold of the beer at
high temperatures. The improved flavour ratio teairable attribute of the beer. From these
findings, it can be concluded that temperaturenis of the important parameters that can be
optimised in order to ensure a consistent beemwtlawn all brews conducted at the Wits

micro scale brewery plant.
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The controller design and parameter estimationbleas perfomed and important input data
has been optimised showing the PID controller usbath has an efficiency of 80%. The
controller optimisation was out carried using ZexgNichols turning method. The optimised
controller gain (K), the dead time @ and rise time (Ti) was found to be 9.6, 2 and 1s
respectively. The optimised controller gain reduttesdisturbances in the system and errors

in the fermentation profile by removing outlyingipts from the expected.

5.2 RECOMMENDATIONS

It is recommended that various test be performduhtbthe following.

» The impact of flavour and fermentation rates athbrgtemperatures above
25°C.

» The impact of the magnetic agitator or stirrer ocudating the wort semi
continuously on the flavour compounds will deterenithhe flavour ratio(R)
and the final quality of the beer. This will ensuepid mass transfer within
the beer during the fermentation process. Duedhb Hispersion of yeast cells
within the beer during fermentation it will increathe rate of diffusion of the
flavour compounds from the yeast cells to the entieer so that the

concentration of flavour compounds is uniform thglbaut the entire batch.
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TABLE Al: Apparent extract (°P) with time

Appendix A

TABLES OF RESULTS

Time(days) |19C 16'C 18C 2dc 23cC
0 14.2 14.3 14.2 14.3 14.3
0.5 13.2 13.9 12.¢ 12.9 13.1
1 12.¢ 13.1 12.1 11.9 11.6
1.5 12.1 12.4 11.1 10.7 10.9
2 11.4 11.6 10.2 9.9 9.7
2.5 10.7 11.1 9.4 9.2 8.2
3 9.7 10.4 8.7 8.2 7.2
3.5 8.7 9.2 7.7 7.5 6.5
4 8.0 8.2 6.7 6.7 5.5
4.5 7.5 7.2 5.8 5.5 45
5 6.7 5.8 5.0 4.5 3.8
5.5 6.0 4.8 4.3 3.8 3.8
6 5.0 4.5 3.6 3.8 3.8
6.5 4.3 3.8 3.6 3.8 3.8
7 3.6 3.8 3.6 3.8 3.8
7.5 3.6 3.8 3.6 3.9 3.8
8 3.6 3.8 3.6 3.9 3.8
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Table A2: Ethyl acetate concentrations (ppm) with time

Time(days) 19C 16C 18C 20°C 23C
0 0 0 0 0 0
0.5 0.5 1.0 2.0 2.2 2.5
1 1.2 2.5 4.0 4.3 6.4
1.5 3.2 4.9 7.5 7.8 9.2
2 6.1 9.4 13.7 10.0 12.7
2.5 7.2 12.3 14.0 12.5 15.3
3 9.8 12.8 14.3 15.1 18.7
3.5 10.2 13.5 15.0 17.6 21.3
4 12.6 13.9 15.6 18.0 22.8
4.3 13.0 14.8 16.1 18.5 23.9
5 13.1 15.1 16.5 19.2 24.8
5.5 13.2 15.2 17.1 20.3 25.7
6 13.2 15.2 17.2 20.9 25.4
6.5 13.2 15.2 17.2 20.9 25.4
7 13.2 15.2 17.2 20.9 25.4
7.9 13.2 15.2 17.2 20.9 25.4
7.9 13.2 15.2 17.2 20.9 25.4
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TABLE A3: Ethyl Caproate concentrations at various temperaturesin ppm

Time(Days)| 14°C 16°C 18C 2dc 23C
0 0 0 0 0 0
0.5 0.2 0.2 0.3 0.7 1.1
1 0.3 0.6 0.8 1.2 1.8
1.5 0.5 0.9 1.4 1.9 2.4
2 0.7 1.4 1.6 2.6 3.2
2.5 0.9 1.8 2.0 3.0 3.9
3 1.0 2.1 2.6 35 4.4
35 1.3 2.5 3.0 3.9 5.1
4 1.6 3.0 35 4.7 5.9
4.5 1.9 3.6 4.2 5.1 6.9
5 2.3 4.0 5.0 6.0 7.3
5.5 2.7 5.2 5.8 6.7 8.2
6 3.2 5.8 6.3 7.2 9.3
6.5 3.8 5.8 6.3 7.2 9.3
7 3.8 5.8 6.3 7.2 9.3
7.5 3.8 5.8 6.3 7.2 9.3
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TABLE A4: | soamyl acetate concentration at varioustemperaturesin ppm

Time(days) 19C 16C 18C 20°C 23C
0 0 0 0 0 0
0.5 0.1 0.2 0.1 0.3 0.9
1 0.4 0.3 0.4 0.5 1.2
1.5 0.7 0.6 0.8 1.0 1.8
2 1.0 0.9 1.1 1.3 2.3
2.5 1.2 1.2 1.3 1.7 2.9
3 1.4 1.4 1.5 2.1 3.4
3.5 1.5 1.7 1.9 2.5 4.1
4 1.6 2.0 2.3 2.9 5.4
4.5 1.8 2.3 2.5 3.3 5.8
5 1.9 2.6 2.9 3.7 6.1
5.5 2.0 2.9 3.3 4.1 6.3
6 2.2 3.1 3.7 4.5 6.4
6.5 2.3 3.3 3.9 4.9 6.4
7 2.3 3.3 3.9 4.9 6.4
7.5 2.3 3.3 3.9 4.9 6.4
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TABLE A5: Vicinal diketones (VDK) concentrations at varioustemperaturesin ppb

Time(days) 19C 16°C 18°C 20°C 23C
0 0 0 0 0 0
0.5 0.17 21 39 63 82
1 44 40 52 94 107
1.5 59 63 68 128 163
2 69 79 84 140 144
2.5 80 94 112 126 121
3 94 112 128 98 101
3.5 109 105 116 70 87
4 98 92 102 50 71
4.5 85 81 87 43 52
5 63 60 74 34 34
55 40 54 59 25 25
6 32 30 45 22 19
6.5 29 23 32 20 16
7 25 16 22 17 12
7.5 18 16 13 14 11
8 14 15 12 11 8
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TABLE A6: Beer colour changeswith timein EBD

Time(days) 19C 16°C 18°C 20°C 23C
0 11.5 11 11.3 11 11.2
0.5 11 10.7 10.6 10.2 10.2
1 10.5 10.2 10.1 9.9 9.9
1.5 10.2 9.9 9.8 9.7 9.7
2 9.9 9.8 9.8 9.5 9.5
2.5 9.8 9.8 9.7 9.4 9.4
3 9.8 9.7 9.6 9.3 9.3
35 9.8 9.7 9.6 9.2 9.2
4 9.8 9.7 9.5 9.2 9.2
4.5 9.8 9.7 9.5 9.2 9.2
5 9.8 9.7 9.5 9.2 9.2
55 9.8 9.7 9.5 9.2 9.2
6 9.8 9.7 9.5 9.2 9.2
6.5 9.8 9.7 9.5 9.2 9.2
7 9.8 9.7 9.5 9.2 9.2
7.5 9.8 9.7 9.5 9.2 9.2
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