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Abstract

Bioethanol produced from cellulosic materials, abundantly found as wastes, appears
to be a viable alternative to fossil fuels. Cellulose is a glucose polymer and must undergo a
hydrolysis step by cellulase enzymes prior to be used for bioethanol production. In order to
make bioethanol more cost competitive, all aspects of the production are being examined,
including trying to improve the production of these enzymes using a filamentous
microorganism, 7richoderma reesei. Filamentous fungi broth is widely known for being
highly viscous, which limits transport properties, thus hindering the production of cellulase.
Therefore, the overall objective of this work is to understand the intimate relationship that
exists between enzyme production, morphology of microorganism, rheology of the broth
and operating conditions. In this work, the rheology of the fermentation broth is examined
in order to understand its impact on the other process variables.

As a preliminary step, the choice of an appropriate rheological instrument was
discussed. Fed-batch fermentation runs were performed in two bioreactors: a stirred tank
bioreactor with an agitation speed of 200, 300, 400 and 500 RPM and a reciprocating plate
bioreactor agitated at 0.25, 0.50, 0.75 and 1.00 Hz. Herschel-Bulkley equation described
relatively well rheological data. The effect of morphology and biomass concentration (X)
on the consistency index (K) was studied separately. Biomass reconstitution experiments
showed that biomass exponent a, in K/X”, remained constant. K/X* varied during the course
of the fermentation runs, underlying the importance of including a morphological
parameter in the prediction of K. Although several morphological parameters were

analyzed, K/X* was found to correlate well with the average roundness, when the batch and
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the fed-batch data were considered separately. Parity plot analysis of the models showed

good prediction of the experimental K.
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Résumé

Le bioéthanol produit & partir des matériaux cellulosiques, qui abondent comme
déchets, semble étre une alternative viable aux combustibles fossiles. La cellulose est un
polymeére de glucose devant subir une étape d'hydrolyse enzymatique par la cellulase avant
d’étre utilisée en bioéthanol via la fermentation. Afin de rendre le cout du bioéthanol
concurrentiel, tous les aspects de la production doivent étre examinés, y compris le sujet de
cette thése qui a pour but d'améliorer la production de ces enzymes produites par un micro-
organisme filamenteux, Trichoderma reesei. Le bouillon de champignons filamenteux est
habituellement trés visqueux, limitant ainsi les phénoménes de transfert, de ce fait la
production de la cellulase. Par conséquent, l'objectif de ce travail est de comprendre le
rapport intime qui existe entre la production d'enzymes, la morphologie du micro-
organisme, la rhéologie du bouillon de fermentation et les conditions de fonctionnement.
Dans ce travail, la rhéologie du bouillon de fermentation est examinée plus particuliérement
afin de comprendre son impact sur les autres variables du procédé. Dans un premier temps,
le choix d'un instrument de mesure rhéologique appropri¢ est discuté.

Des fermentations en mode semi-continu ont été menées dans deux bioréacteurs :
un bioréacteur avec pile de Rushton agité a 200, 300, 400 et 500 RPM et le bioréacteur a
plateaux mobiles agité a des fréquences d’agitation de 0.25, 0.50, 0.75 et 1.00 Hz. Les
données rhéologiques ont été décrites par 1’équation de Herschel-Bulkley. L'effet de la
morphologie et de la concentration de biomasse (X) sur le coefficient de consistance (K) a
été étudié séparément. Les expériences faites avec une grande plage de la concentration de

la biomasse ont montré que I’exposant de biomasse a, dans 1’expression K/X”, demeure
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constant. Cependant, K/X“varie durant la fermentation, montrant ainsi I’importance
fondamentale d'inclure un paramétre morphologique pour prédire la valeur de K. Bien que
plusieurs paramétres morphologiques ont été analysés, K/X* a une plus forte corrélation
avec la rondeur moyenne, quand les données en discontinu et en semi-continu étaient

considérées séparément. Une analyse a démontrée une bonne prédiction de la valeur

expérimentale de K.



Statement of Contribution of Collaborators

I hereby declare that I am the sole author of this thesis. I have performed the
experimental design, all experiments and the associated data analysis relating to the
rheological analyses.

My supervisor, Professor Jules Thibault, provided continual guidance thfoughout
this work and made editorial comments and corrections to my written work. Professor
Denis Rodrigue of Laval University contributed his expertise in rheology and made
suggestions and corrections to improve the paper contained in Chapter 3.

Part of the experimental work was done iﬁ collaboration with Nilesh Patel and
Viviane Choy. They helped in setting up the laboratory and conducting the experiments.
Nilesh Patel is co-author of the paper of Chapter 3. [ have contributed to the work of Nilesh
Patel and [ am co-author of a paper that will appear in his thesis submitted roughly at the

same time.

Signaturg Date: O2-0F- 2008

vi



Acknowledgements

I wish to express my sincere gratitude and respect to my advisor, Professor Jules
Thibault, for his ideas, patience, advice throughout my Master’s program, and for giving
me an opportunity to work in my field of research interest at the Chemical and Biological
Engineering Department. His support and encouragement are most appreciated.

I would like to thank Professor Denis Rodrigue (Laval University) for his
assistance, guidance and willingness to take the time to make suggestions in the field of
rheology. His knowledge and insight are greatly valued.

I am immensely grateful to Stewart Hunt from TA Instruments for establishing a
collaboration allowing me to have access to their rheometer. Without his support, this
research might not have been possible.

My particular gratitude goes to my research group partners, Nilesh Patel and
Viviane Choy, for the days and nights spent in the laboratory, for keeping courage and
perseverance amid the difficulties. I am thankful for their wonderful friendship.

I would like to thank the Chemical and Biological Engineering Department of the
University of Ottawa. I am thankful to all professors, students and staff for their support
and guidance throughout my MASc.

I am indebted to my friends for their suggestions, encouragement, motivation and
guidance.

Finally, T would like to thank especially my beloved parents, Jean and Jeanette
Malouf, and my sister, Diana, for their love, understanding, moral support, constant

encouragement that they have given me throughout my academic career.

vii



Table of Contents

ABSTRACT ..ottt ettt s b bt b i
RESUME ...ttt sttt sttt et st b ettt n e ae s sais v
STATEMENT OF CONTRIBUTION OF COLLABORATORS......ccoiiiiitieeceeeeee e Vi
ACKNOWLEDGEMENTS ..ottt ettt st se e st sasnene s nsnenens vii
TABLE OF CONTENTS ...ttt ettt sttt et srt e et eessbeesesssnesetsesaneseeeaeens viii
LIST OF TABLES ..ottt ettt ettt sttt ettt Xi
LIST OF FIGURES .......cctiiiiiittcttierrc sttt bbb Xiv
CHAPTER 1 INTRODUCTION ..ottt ettt s ettt et e st e sree st esasesabeseneenas 1
1.1 FERMENTATION HISTORICAL BACKGROUND ......uecieririerereriniiereteresesaeeseeereseesesesseesenesesaseseseeses 1
1.2 BIOETHANOL PRODUCTION.....eciteitiereuerererersesressseessesssessaesssasssasassesssesssassssassssersnssssssssasssasasseses 3
1.3 BIOPROCESS OPTIMIZATION ......ctruiieriterirteiinneitnreseneeentssensesensesesaenensnsesessesssstosesesestosensesenens 4
1.4 THESIS OBIECTIVES/STRUCTURE .....coveruruirieienierierererieeneresnerensesessenssissesesnesesstorsssesestossssenessens 6
1.5 REFERENCES ..uvttiiitiiiteioiteiiieiressiate s atesbts st s st e s sas s e s b s s s s s s e s s at s s s ben s sabe e s eaae s ae s e sanaeas 7

CHAPTER 2 RHEOLOGY EQUIPMENT SELECTION PROCESS AND ANALYSIS

TECHNIQUES ...ttt ettt b e sa st s b sttt esasbe e s e b e s aebenaesesbassesensssnanasensoses 8
2.1 HISTORICAL BACKGROUND.......ccuvtiiireeireeeeieeeriveeiseessseessesessnsessssessnssesssssesssasesssesssesassessnsees 8
2.2 RHEOLOGICAL MODELS IN FERMENTATION BROTHS .....cvivirieeinienieenieeorenseeniesessesessenssessenens 9
2.3 RHEOLOGY INSTRUMENTS.......cctitiiterteteeeteneeseeseseessesseseestesssseesessessassessasssesessessessessessessensenes 13
2.4 RHEOLOGICAL INSTRUMENT CLASSES .....ccvtieriririertenenteeseertesteesstesaeeenenessensenenseesseesseesnens 14
2.5 RHEOMETERS AND FIXTURES USED FOR FERMENTATION ........ccoovertrinieeereanrensenerarnssasesennas 18

2.5.1 Rotational VISCOMELETS.......ccceviriireriiriereeieeeietteite st eeesteteee et e seseneeneasseneesesseneases 21



2.5.1.1 Concentric Cylinder GEOMELTY.......c.coceeciiirirnininiiiiece e 21

2.5.1.2 Cone and Plate VISCOMELET .....c..cecviieeireeeeiieeriieeiiereiieesoreresosesessueesssesassessssnnsssranenss 24
2.5.1.3 MIXEr VISCOMELET .....uviiiiieeiieiiiieeeeeesreeeeneevveesentesssseeseseessssaeasssnessreesssnsessanessrnnenss 25
2.5.1.4 Viscosity Measurement in-sitll and on-line .........c.ooceeveeeereieiirnernenneneeseneneennenee 30
2.6 FACTORS TO CONSIDER WHEN CHOOSING A RHEOMETER AND FIXTURES ...c..covovevverereenrennenne 33
2.7 FINDING A RHEOMETER ......c.cocvitrteuiriintenrensenteteneseseesiesisinesssatosesssstasessssmeesessessessesssasensessenses 39
2.8 COMPARING TA INSTRUMENTS AND ANTONPAAR ....c..cccoviiiieiiinieinenteeecscee e neeseeeas 41
2.9 RHEOLOGY MEASUREMENT SYSTEM AND PROCEDURE......cc.cocrertetieieeenerenirerersseseeneesieneens 47
2.10 NOMENCLATURE ..cecueteuieuiaitantiseesieeeeeersesiassssassssoseesseesstesesesstesstesssenstessesenseesessessesessees 52
2.11 REFERENCES ....ccottteitiintitereereesasessesesssaasesessssssasesesesesssesestnsesesetssesentasesentasasasensasasanssssessnes 53

CHAPTER 3 RELATIONSHIP BETWEEN MORPHOLOGY AND RHEOLOGY DURING

TRICHODERMA REESEI RUT-30 FERMENTATION.......ccccoiiiivniriinrcnniniceceneeesieneseeene 60
3.1 ABSTRACT ..ecuiviiiieieiriee sttt ettt et ettt e r st e sa et n e s e sassenaeaesasstone 60
3.2 INTRODUCTION ..oiiutiieictieeitieesieesteaassesssesassseesssesssssessseessnsessssesasssserssnessssusensssesssssessnsesassenenne 61
3.3 MATERIALS AND METHODS.......cuvtieieeietieeeiteeeiieeeesesseseesneeesssessssesesasssassssessasssssssssessasessseeesnns 68

3.3.1 Microorganisim STOCKS ......uecveereririererierinreenieerreseneestestsisseeseseesesteseeinenesesaesessesseseseeneons 68
3.3.2 Culture CONItIONS....c.civieeirieieeriiiiieintrteeneeerestee st sreer e s teresaesaeste e s seeeseerensensenesnnene 68
3.3.3 Bioreactor Operating CONAIIONS ...ttt ettt st re b 69
3.3.4 Sampling and ANALYSis ........ccccorireriniriinrin ettt e 70
3.3.5 IMage ANALYSIS ...c.occoiriiriiiiiiiieerc ettt st 72
3.3.6 Rheological Measurements.........c.cc.ccvvuerrrireerereeerenieseesisiesseesessessaeseesesessesssssessessessens 73
3.4 RESULTS AND DISCUSSION ......ccoiiiiiiiiciiiiiieiciciciee sttt ve s 75
3.4.1 Rheological MOAEIS .......cccccuiiieiriiieeniirinieisie ettt et et se e e s snsse s b s evs 75
3.4.2 Biomass of all Fermentation RUNS............cceeviiivinieninieiienecetcceresessena e 77
3.4.3 Trends in the consistency index for all runs .........cccooenviiiicninnininienenerere e, 79

ix



3.4.4 Trends of X, K, n and Yield Stress fOr One run .......cccoevvveeeeeeeiieeerciieeeeseieeeeceeeeeeseenens 82

3.4.5 Correlation of K, morphology and X parameters ..........cc.cceceevererecerecrenieenennnnnerencnas 85
3.4.5.1 Influence of Biomass on rheology parameter..........coccocevueviciiiiiniiiiiniinncinnn 86

3.4.5.2 Selection of the morphological parameter............c.ccoocrvrererererrrieienecniennecenreenens 91

3.4.5.3 Relationship of K/X* and Ru........ccccveieiiiineciiieicieicriieesees e sieeeveere e essesssrasaens 93

3.4.5.4 Comparison of experimental and predicted K..........cccceovvevrenneenienieinienieenineniens 98

3.5 CONCLUSION .uutiiiiiiieee e ectee e eiieeeeeirteeeestasaesnteasesbeaeassanaeasesstasasasssaseesesnstesesossnaesesssnaesesrenes 101
3.6 NOMENCLATURE .....uuttiiiecieeiiiieeeeeiieeessiiaeesesiesassenaeessesassesnesessssnsesessssssssssesssassssssreasesssees 103
3.7 REFERENCES ...ttt ettt bbb d s bbb 104
CHAPTER 4 SUMMARY AND CONCLUSION .....ccoctiirirrrcetstneeenesieereseesesvesaeseeseessensennes 109
4.1 RECOMMENDATIONS .....ocoiiiiitiiiiitiiiitiiiii ettt ettt a st a e sa v 111
4.2 REFERENCES ... ctiiieiite ettt ettt s st st st s st s e st sabssobs s sab e sabesabaesabessaaenbassansants 112
APPENDIX Lottt sttt st et ettt b e ettt st e b saesse e b e re e e e aeese st e b et e neeenee 113
A. RHEOMETER SPECIFICATIONS.....vceittierrrerreesiersessersreesssensesssnssssesssnssssesssesssssssassssassansssesnses 114

B. FERMENTATION RUNS RHEOLOGY PARAMETERS AND BIOMASS CONCENTRATION DATA .. 115

B.1 Stirred Tank Bioreactor Data ..........c.coceviniererririncninnicecencnei e 115
B.2 Reciprocating Plate Bioreactor Data..........occeeiviriiniiiiniienceiencereenceneeereseeeeee e 118
C. EXPERIMENTAL RUNS RAW DATA.....ooiiiiiiii ettt e e ee e seete e esnnaeeeeeans 121



List of Tables

TABLE 2.1 BROOKFIELD ENGINEERING RHEOMETERS USED IN LITERATURE TO MEASURE
FERMENTATION BROTH RHEOLOGY. .eceeeietvrieeeiirireeeiieeeeeesreeeeesasssressssssssessessssessssssssssesans 19
TABLE 2.2 RHEOMETERS USED IN LITERATURE TO MEASURE FERMENTATION BROTH
RHEOLOGY . cvvetiiiiutitieeieiieeeesiteeeeaiotseaeeserssseesasssssssssssessassssassssssssssssasssssesssssssssssssnssssesanns 20
TABLE 2.3 LIST OF RHEOMETERS CONSIDERED FOR RHEOLOGICAL ANALYSIS OF OUR
FERMENTATION BROTH SAMPLES. .....ittiteiieiiiiirrinrreeiessssssrenmessessesssssssssonronssesaessesasssssnanes 43
TABLE 3.1 LIST OF SOME INDUSTRIALLY-RELEVANT FILAMENTOUS MICROORGANISMS......... 63
TABLE 3.2 LIST OF MORPHOLOGICAL PARAMETERS DEEMED IMPORTANT IN THIS STUDY....... 67
TABLE 3.3 CULTURE MEDIUM COMPOSITION. ......ccctteerrreeerreresrneeesnseessnseessssssssssessssseesssssssnnes 69
TABLE 3.4 BIOREACTOR OPERATING CONDITIONS AND DIMENSIONS.....cccvvvierrieeevreeeneeenenes 71
TABLE 3.5 DESCRIPTION OF THE GEOMETRIES USED FOR THE RHEOLOGICAL
CHARACTERIZATIONS. ..tttettteteteteieieeetereteeesesesesesstesestsessssaetsssesesteessanssersesseeesenmnssnsssessnrnnns 74
TABLE 3.6 VALUES OF EXPONENT A OBTAINED FROM BIOMASS CONCENTRATION
RECONSTITUTION TESTS ..vvvvvteeeerieraererereeeeesesaesrssenseesasiosssssnsssesessssssasansssnsssssessassensassnsnns 89

TABLE 3.7 MODEL PARAMETERS OF THE CORRESPONDING EQUATIONS AND THE ASSOCIATED

R? VALUES FOR DIFFERENT COMBINATIONS OF EXPERIMENTAL DATA. «...cu.evvenverrennnn. 95
TABLE A.1 TA INSTRUMENTS AR-G2 RHEOMETER SPECIFICATIONS ......covcvvreieeeieeneencneenes 114
TABLE A.2 EXPERIMENT DETAILS: STB12 (200 RPM) 14 MARCH 2007 .....vvvevvevneereennnee 115
TABLE A.3 EXPERIMENT DETAILS: STB13 (300 RPM) 27 MARCH 2007 ....coccvvvenivererennenns 115
TABLE A.4 EXPERIMENT DETAILS: STB16 (500 RPM) 13 APRIL 2007 .....ccovvevevvenrerirenreene 116
TABLE A.5 EXPERIMENT DETAILS: STB17 (400 RPM) 05 MAY 2007 ......coooviviiiniriviinennns 116

xi



TABLE A.6 EXPERIMENT DETAILS: STB18 (400 RPM) 21 MAY 2007.....cooveviiriiiiiirnnn 117

TABLE A.7 EXPERIMENT DETAILS: STB22 (400 RPM) 15 JUNE 2007 ......cocovviviniiiininnnnnn. 117
TABLE A.8 EXPERIMENT DETAILS: RPB16 (0.25 HZ) 16 MARCH 2007 .......cceevevveiinnannne 118
TABLE A.9 EXPERIMENT DETAILS: RPB18 (0.5 HZ) 31 MARCH 2007 ......cccoeoviviiniiininnninne. 119
TABLE A.10 EXPERIMENT DETAILS: RPB19 (0.75HZ) 05 MAY 2007....cooviveviviiiiinnine. 119
TABLE A.11 EXPERIMENT DETAILS: RPB20 (1.0 HZ) 21 MAY 2007 .....cocoiiiiiiiiiiiiiinnne 120
TABLE A.12 EXPERIMENT DETAILS: RPB22 (0.75 HZ) 04 JUNE 2007 .......cocoiviniiiiiiininnen. 120
TABLE A .13 STB 200 RPM ...ooeiiiiiietteetctcect sttt et 120
TABLE A.14 STB 200 RPM .....ooiiiiiiiiieiieritetctetete sttt sst s e 121
TABLE A.15 STB 300 RPM ....oimiiiiiiiieicnictneccttcit sttt sasossteassne e saons 122
TABLE A.16 STB 300 RPM ..ottt an e 123
TABLE A.17 STB 400 RPM....cuiiiiiiiiiiiiiiiiicictiicicicrini e 124
TABLE A. I8 STBA00 RPM ..ottt et 125
TABLE A.19STB SO0 RPM ...cuiiiiiiieiet ettt ettt esat e ssne st re e 126
TABLE A.20 STB 500 RPM .....ciiiiiiiiiiieiiereicieicteeeeneeeeeestsesneerneseesesssesesessssssesessssasons 127
TABLE A.21 STB 500 RPM ...ttt nr e sans e 128
TABLE A22 RPB 025 HZ ..ottt s 129
TABLE A23 RPB 0.25 HZ c.coiiiiii ettt 130
TABLE A24 RPB 0.25 HZ ..ottt s 131
TABLE A.25 RPB 0.5 HZ ..ottt st 132
TABLEA.26 RPB 0.5 HZ ..ottt ettt st sae e 133
TABLE A27 RPB 0.75 HZ ..ottt snee e ae s 134
TABLE A28 RPB 0.75 HZ ...ttt 135
TABLE A29RPB 0.7S HZ ..ottt s 136

xii



TABLEASORPB LHZ ...t eeeeeeere s s e ssssssssanasa s e s e aeaeaeaeeeeasanaeaes 137

TABLEA 3T RPB LT HZ ..o ettt e e ee e e e e e e e n e e e e e 138

TABLEA3ZRPB L HZ oottt settteeesss s sssssssrasssesesessssesssnsserssssessens 139

xiii



List of Figures

FIGURE 1.1 STRATEGY TO DECREASE BIOREACTOR OPERATION (DORAN, 1995). ................. 5

FIGURE 1. 2 DIAGRAM OF THE STRATEGY TO STUDY THE INFLUENCE OF PROCESS PARAMETERS

ON THE MORPHOLOGY AND ENZYME PRODUCTION OF TRICHODERMA REESEI. .............. 6
FIGURE 2.1 STRAIN CONTROLLED RHEOMETER CONCENTRIC CYLINDER .....ccceermuvererauenene 16
FIGURE 2.2 CONTROLLED STRESS CONCENTRIC CYLINDER RHEOMETER. ......cccceeeveeunninnnenn. 17
FIGURE 2.3 TYPICAL CONCENTRIC CYLINDER FIXTURE......c0cectiiiiieeiirrnninreeeceeseeseeeannenneeees 21
FIGURE 2.4 CONE AND PLATE FIXTURE ...vuvvirieciieieiviieeeecesierinrenteereessessesiassssnsnsrsnsssessasssssns 24
FIGURE 2.5 ONLINE RHEOMETER DIAGRAM ......ooiiiiiieiiiinieceniieeiniiesssiieessneeessssesessesesssnsesns 33
FIGURE 2. 6 DIFFERENT GEOMETRIES TESTED IN OUR LABORATORY .....cceeererrreeriereneerennnnne 36

FIGURE 2. 7 COMPARISON OF THE RHEOLOGICAL ANALYSIS OF A FERMENTATION BROTH
SAMPLE USING 5 FIXTURES. ....ettieeiitieeerciureeeeeneneeseenreessssssessssssessssssssrasesssasssssessssenees 36
FIGURE 2.8 ANALYSIS OF SOLKA FLOC USING AN ACRYLIC CONE AND PLATE FIXTURE. THE
PICTURE SHOWS THE SAMPLE AT THE BEGINNING OF THE RUN, BEFORE THE CONE
ROTATED.. ... uttteeieeirteceeitieeeeeitrseeeeststesaeestaeasasssaessasseeeaasasessessssssnsesssssssasessasssseesesanen 37
FIGURE 2.9 ANALYSIS OF SOLKA FLOC USING AN ACRYLIC CONE AND PLATE FIXTURE. THE
PICTURE SHOWS THE SAMPLE AT THE AFTER THE END OF RUN.......cccceiveeevieeenereennnenens 37
FIGURE 2.10 COMPARISON OF RHEOLOGY ANALYSIS OF FIRST SAMPLE IN A FERMENTATION
RUN USING A VANE AND A CONCENTRIC CYLINDER. ...ccuvvtieiireeireeesreeesinreeesnseeseneennes 38
FIGURE 2.11 ANALYSIS OF A FERMENTATION BROTH SAMPLE USING 4 FIXTURES WITH
RHEOLABQQC RHEOMETER. ...ccvtiitiisivieenreeiaesaesorsenseesisesssesssssssasssenessssssssesssassseesssnes 44
FIGURE 2.12 WATER VISCOSITY MEASURED BY TA INSTRUMENTS AR-G2 COMPARED TO

ANTONPAAR RHEOLABQC ...cciiiiiiiiiiiieieeicriteeesireeesereeeesesreeeeeeseseeeesessenenesennses 45

Xiv



FIGURE 2. 13 THREE CMC CONCENTRATIONS WERE ANALYZED FOR THEIR RHEOLOGY USING
TA INSTRUMENTS AR-G2 COMPARED TO ANTONPAAR RHEOLABQC........cccovreuneene 45
FIGURE 2. 14 RHEOLOGY ANALYSIS OF PAPER PULP AT A CONCENTRATION OF 1 g/L WAS DONE
USING TWO RHEOMETERS. ....cccotiiiiuiieeetieeeteeeereeesesessaeesessesessaessanseessnsesessssesssssasnsnees 46
FIGURE 2.15 RHEOLOGY ANALYSIS OF PAPER PULP AT A CONCENTRATION OF 1 g/L. WAS DONE
USING TWO RHEOMETERS ......uutitiieeiiiieeeeeereeeesarresessereessssnnnasesosnsneeessssmeneaessessnsaesssnes 46
FIGURE 2.16 TA INSTRUMENT AR-G2 RHEOMETER ......cccvvttieiiiieeeeeiiieeeeeeiieeeeeeeesreeeeennns 48
FIGURE 2.17 TA INSTRUMENT ACCESSORIES USED FOR FERMENTATION BROTH ANALYSIS:

PELTIER TEMPERATURE CONTROL SYSTEME, THE SAMPE CUP, THE CONE CONCENTRIC

CYLINDER, THE 4 BLADED VANE. .....utviiiiiiriiieiiirereesiseeeessessaeesesssssssessonsresessessssessennns 48
FIGURE 2.18 TA INSTRUMENTS AR-G2 MECHANICAL COMPONENTS .. octvttieeeerreeeeereeaennnns 49
FIGURE 2.19 TA INSTRUMENTS AR-G2 DRIVE HEAD MECHANICAL CONFIGURATION......... 50

FIGURE 3.1 SCHEMATIC REPRESENTATION OF THE INTERRELATIONS BETWEEN PROCESSES IN
VISCOUS FERMENTATION. ....uttiirirereireraerersseresseressseecoseessssenesnsenessssessssssesessnsesssnsssnss 64
FIGURE 3.2 SCHEMATIC DIAGRAMS OF THE BIOREACTORS USED: (A) RPB AND (B) STB ... 71
FIGURE 3.3 FERMENTATION SAMPLE FROM STIRRED TANK BIOREACTOR AT 500 RPM WITH A
BIOMASS CONCENTRA"I;ION ......................................................................................... 77
FIGURE 3.4 BIOMASS CONCENTRATION AS A FUNCTION OF FERMENTATION AGE FOR
DIFFERENT STIRRED TANK BIOREACTOR SPEEDS: 200, 300, 400 AND 500 RPM. ........ 78
FIGURE 3.5 BIOMASS CONCENTRATION AS A FUNCTION OF FERMENTATION AGE FOR

DIFFERENT RECIPROCATING PLATE BIOREACTOR FREQUENCIES: (.25, 0.50, 0.75 AND 1.00

XV



FIGURE 3.6 THE HERSCHEL-BULKLEY CONSISTENCY INDEX AS A FUNCTION OF
FERMENTATION AGE FOR DIFFERENT STIRRED TANK BIOREACTOR FERMENTATIONS
SPEEDS: 200, 300, 400 AND SO0 RPM.....c.ooiiiieeeceeetecrenecsieereeresn e ere e 81

FIGURE 3.7 THE HERSCHEL-BULKLEY CONSISTENCY INDEX PROFILES AS A FUNCTION OF
FERMENTATION AGE FOR DIFFERENT RECIPROCATING PLATE BIOREACTOR FREQUENCIES:
0.25,0.50,0.75 AND 10O HZ.....cocuviiieiiieiecceeeies ettt et sve s ae e e s srsesanaes 81

FIGURE 3.8 BIOMASS CONCENTRATION, HERSCHEL-BULKLEY CONSISTENCY INDEX, FLOW
INDEX AND YIELD STRESS PROFILES VERSUS FERMENTATION AGE IN THE STIRRED TANK
BIOREACTOR AT 400 RPM. ....coriiiecc ettt ettt e e e ee e s e s e 84

FIGURE 3.9 HERSCHEL-BULKLEY CONSISTENCY INDEX VERSUS BIOMASS CONCENTRATION
FOR FERMENTATIONS RUNS PERFORMED IN STB (200, 300, 400 AND 500 RPM) AND
RPB (0.25,0.50,0.75 AND 1.00 HZ). c.ooovrerieieeeeeeeceteeee et cetere s sie e 84

FIGURE 3.10 HERSCHEL-BULKLEY CONSISTENCY INDEX VERSUS RECONSTITUTED BIOMASS
CONCENTRATION FROM A SAMPLE OBTAINED IN STB RUN AT 500 RPM.................... 89

FIGURE 3.11 THE MORPHOLOGICAL FACTOR K/X*° AS A FUNCTION OF FERMENTATION AGE
FOR FERMENTATIONS PERFORMED IN STB (200, 300, 400 AND 500 RPM) AND RPB
(0.25,0.50,0.75 AND 1.OOHZ). ..veovreeriieiiiieenieeriereeeresreeesreesereesrnesssneseveesenesssseens 91

FIGURE 3.12 THE PERCENTAGES OF THE FOUR MORPHOLOGICAL CLASSES OF T. REESEI
(UNBRANCHED, BRANCHED, ENTANGLED AND CLUMPED) VERSUS FERMENTATION AGE
FOR THE EXPERIMENT IN STB PERFORMED AT 400 RPM. ......cccccviiiiiieiieeeee 93

FIGURE 3.13 MEAN ROUNDNESS VERSUS FERMENTATION AGE FOR FERMENTATIONS
PERFORMED IN STB (200, 300, 400 AND 500 RPM) AND RPB (0.25, 0.50, 0.75 AND 1.00

HZ). ottt ettt sttt s e s st e r e st e e e e e b e e a e e s e e naeesraensaebanes 94

xvi



FIGURE 3.14 MORPHOLOGICAL FACTOR K/X” VERSUS MEAN ROUNDNESS FOR
FERMENTATIONS IN STB (200, 300, 400 AND 500 RPM) AND RPB (0.25, 0.50, 0.75 AND
LLOO HZ). oottt ettt e e a et eb e s bt e st sesbesre et e esbesanssaeaneneenes 97
FIGURE 3.15 MORPHOLOGICAL FACTOR K/X” VERSUS MEAN ROUNDNESS FOR
FERMENTATIONS IN BATCH PHASE PERFORMED IN STB (200, 300, 400 AND 500 RPM)
AND RPB (0.25, 0.50, 0.75 AND 1.00 HZ).. ccvvveviivieirrenieniieeeeneessnesnessveesveesenesnns 97
FIGURE 3.16 MORPHOLOGICAL FACTOR K/X* VERSUS MEAN ROUNDNESS FOR T. REESEI
FERMENTATIONS FED-BATCH PHASE DATA IN STB (200, 300, 400 AND 500 RPM) AND
RPB (0.25,0.50,0.75 AND 1.00 HZ).....c.eereririerireeerieinieneereieteeenreseetetecs e e 98
FIGURE 3.17 PARITY PLOT OF THE HERSCHEL-BULKLEY CONSISTENCY INDEX K PREDICTION
VS K EXPERIMENTAL FOR T. REESEI FERMENTATIONS IN THE BATCH PHASE IN STB (200,
300, 400 AND 500 RPM) AND RPB (0.25, 0.50, 0.75 AND 1.00 HZ).........c..ccnn......... 100
FIGURE 3.18 PARITY PLOT OF THE HERSCHEL-BULKLEY CONSISTENCY INDEX K PREDICTION
VS K EXPERIMENTAL OF T. REESEI FERMENTATIONS IN THE FED-BATCH PHASE IN STB

(300,400 aND 500 RPM) AND RPB (0.25, 0.50, 0.75 AND 1.00 HZ). ......coeveuenence. 100

xvii



Chapter 1

Introduction

1.1 Fermentation Historical Background

Fermentation has always been an important part of our lives in particular in the
production of foods like bread and yoghurts, and beverages such as wine and beer. But how
fermentation actually works was not understood until the work of Louis Pasteur in the later
part of the nineteenth century and the research which followed. For a cell, fermentation is a
way of getting energy without using oxygen. In general, fermentation involves the breaking
down of complex organic substances into simpler ones. The microbial or animal cell
obtains energy through glycolysis, splitting a sugar molecule and removing electrons from
the molecule. The electrons are then passed to an organic molecule such as pyruvic acid.
This results in the formation of a waste product that is excreted from the cell. Waste
products formed in this way include ethyl alcohol, butyl alcohol, lactic acid, and acetone,
the substances vital to our utilization of fermentation. For example, alcohol fermentation
begins with glycolysis to produce two molecules of ethanol from every molecule of
glucose. Alcohol fermentation is carried out by many bacteria and yeasts.

After Pasteur's discoveries, the uses of fermentation progressed rapidly in industry,
as well as in other areas. Between 1900 and 1930, ethanol and butanol were the most
important industrial fermentations in the world. But by the 1960s, chemical synthesis of
alcohols and other solvents were less expensive and interest in fermentation diminished.

However, chemical synthesis can be questioned. Chemical manufacture of organic



molecules such as alcohols and acetone relies on starting materials made from petroleum, a
nonrenewable resource. Dependence on such resources could be considered non reliable
due to its limitations and availability usually associated to politically unstable locations.
Additionally, the use of petroleum has a detrimental impact on the environment.

In the past decade, interest in microbial fermentation is experiencing a revival. Plant
starch, cellulose from agricultural waste, and whey from cheese manufacture are abundant
and renewable sources of fermentable carbohydrates. Additionally, the portion of these
materials that is not utilized represents solid waste that must be buried in dumps or treated
as waste water. Microbial fermentations have other benefits. Unlike traditional chemical
production, they do not use toxic reagents or require the addition of intermediate reagents.
Microbiologists are now looking for naturally-occurring microbes that produce desired
chemicals. In addition, thanks to the progress of biotechnology, they are now capable of
engineering microbes to enhance production of these chemicals. In recent years, microbial
fermentations have been revolutionized by the application of genetically-engineered
organisms. Many fermentations use bacteria and fungi, but a growing number involve
culturing mammalian cells.

According to the report by the National Research Council (1992), bioprocess
engineering is “the subdiscipline within biotechnology that is responsible for translating
life-science discoveries into practical products, processes, or systems capable of serving the
needs of society”. It is critical in moving newly discovered bioproducts into the hands of
the consuming public. In addition, they define fermentation in industry as “any large-scale
cultivation of microbes or other single cells, occurring with or without air”. At the
production and manufacturing level, large vessels called fermenters or bioreactors are used.

A bioreactor may hold several liters to several thousand liters. Bioreactors are equipped



with aeration devices as well as nutrients, stirrers, and pH and temperature controls. During
production, monitoring of these parameters is done, as well as growth in the bioreactors to
ensure that conditions are optimum for cell growth and product formation. Bioreactors are
used to make products such as insulin and human growth hormone from genetically-
engineered microorganisms as well as products from naturally-occurring cells, such as the
food additive xanthan. However, the most sought after products are biofuels, due to the

environmental, economic and political implications.

1.2 Bioethanol production

Currently, production of fuel ethanol depends largely on corn grain and sugar cane.
This industry, as well as the use of fuel ethanol itself, is rapidly expanding and beginning to
increase prices of corn for feed and the downstream animal products. Cellulose as a
substrate for ethanol has been of interest for several years, but recent events have called for
a priority of research to commercialize the cellulose-to-ethanol biorefinery. Cost of
lignocellulosic materials is lower than corn grain but processing for fermentation is more
costly. The sugars in lignocellulose, which exist mostly as the polysaccharides cellulose
and hemicellulose, are not readily available. Thus, pretreatment is required and is typically
done by toxic chemicals. However, the last decade has seen intensive research in the
production of cellulase enzymes, which is an alternative to the toxic chemicals. The
enzymes are derived from microorganism, of which Trichoderma reesei (T. reesei) is the
highest natural producer. The enzymes transform the cellulose into glucose, which makes it
available for fermentation into ethanol. Although recent years has seen great progress in the

production of these enzymes, thanks to genetic engineering and strain optimization



strategies, further research is required to make the price of ethanol more competitive with

petroleum derived fuels.

1.3 Bioprocess Optimization

According to the textbook by Doran (1995), bioreactor performance should be
optimized to reduce production cost. Four cost-determining factors in the process should be
examined in order to devise strategies for bioreactor design necessary for cost reduction in
the production of cellulase. The four factors are: research and development; raw materials;
bioreactor operation, and downstream processing. In the case of cellulase production,
bioreactor operation tends to be costly due to the microorganism. In fact, Trichoderma
reesei is a filamentous fungus. Like many other moulds, 7richoderma reesei tends to form
highly viscous non-Newtonian suspensions. This has a direct influence on some
fermentation parameters such as culture broth composition, temperature, pH, shear stress,
initial inoculum, dissolved oxygen and fungal morphology. In addition, the cell growth and
the product formation are directly affe(;ted. Due to this complex interrelationship of
operating parameters, it is important to consider morphology, enzyme production and
process performance simultaneously (Schiiget! et al., 1998). Thus, the strategy to decrease
bioreactor operation cost is summarized in the diagram shown in Figure 1.1. Doran (1995)
explains that to maximize volumetric productivity in order to minimize the reactor size, two
approaches could be taken. On one side, maximizing productive cell concentration requires
understanding the complex morphology of the fungi. On the other side, the production of
high quantity and quality of enzyme entails the understanding of cellulase enzymes mode
of function. Once the parameters are well understood, they can be related to other process

parameters and reactor conditions to optimize production and decrease cost.
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Figure 1.1 Strategy for bioreactor optimization. Adapted from Doran (1995).

The adaptation of the above approach results in the examination of cellulase
production by T. reesei according to the strategy shown in Figure 1.2. As part of a group
project done in close collaboration with our industrial partner, logen Corporation (Ottawa,
Canada), the objectives are first to understand the intimate relationship that exists between
the key process parameters of 7. reesei during the course of fermentation and, second, to
improve the production of enzymes. The results of this research will facilitate the
development of strategies to optimize operating conditions for the production of enzymes
secreted by 7. reesei and to design more efficient bioreactors for these types of filamentous
fungi, which will have a direct impact on the company’s commercial potential to reach an

enviable position in the international enzyme market.
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Figure 1.2 Diagram of the strategy to study the influence of process parameters on the
morphology and enzyme production of Trichoderma reesei.

1.4 Thesis Objectives/Structure

Viscosity is an important aspect of rheology, the science of deformation and flow.
Viscosity is the most important property affecting flow behavior of a fluid, and is related to
the fluid's resistance to motion. It is determined by relating the velocity gradient in fluids to
the shear force causing flow to occur. Viscosity has a marked effect on pumping, mixing,
mass transfer, heat transfer and aeration of fluids. These in turn exert a major influence on
bioprocess design and economics. Changes in rheology of fermentation broths are caused
by variation of one or more of the following properties:

a. cell concentration;



b. cell morphology, including size, shape and mass;
c. flexibility and deformability of cells;

d. osmotic pressure of the suspending fluid;

e. concentration of polymeric substrate;

f. concentration of polymeric product; and

g. rate of shear.

Different members of our laboratory research group involved in this project had the
responsibility to examine the different process parameters mentioned in Figure 1.2.
However, due to its influence on process performance, a special consideration was given to
the study of the fermentation broth rheology in this thesis. First, the measurement of
rheological properties of fluid is closely examined. Second, the relationship between the
rheology, the biomass concentration and the morphology of microorganisms is studied

under different agitation conditions.
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Chapter 2

Rheology Equipment Selection Process and Analysis
Techniques

2.1 Historical Background

Although the study of rheology was established in the 1800 and in the first half of
1900’s, its application to fermentation broth became an important field with the
development of industrial fermentation in the second half of the 1900°s century. It was well
known, that good knowledge of broth flow properties is required in order to design and
operate adequate bioreactors to carry out different types of fermentations (Steel and Maxon,
1962; Moo-Young et al., 1969). A fermentation broth is a complex structured suspension
with properties varying during the course of a fermentation run. At the beginning of a run,
the fermentation broth can have Newtonian properties. As the fermentation progresses, the
fermentation broth may acquire non-Newtonian characteristics because the concentration of
biomass and products increase. Due to this complexity, three decades were dedicated to
research in view of defining the most appropriate measurement technique that would
provide quantitative data. However, one of the major reasons for the slow progress in this
area is the difficulty involved in measuring the rheological properties of suspensions such
as mycelial broths. Some investigators argue that the disparities among rheological
parameter estimates for a given broth result from the use of standard “absolute” rheological
measurement devices - such as the concentric cylinder and pipeline viscometers - which are

prone to particle settling and a “slip velocity” near the wall. Many researchers previously



addressed this problem with different techniques (Bongenaar et al., 1973; Leduy et al.,
1974; Roels et al., 1974; Blanch and Bhavaraju, 1976; Charles, 1978; Metz et al., 1979;
Fatile, 1985; Allen and Robinson, 1987, 1990). This work gathers information from
previous research and applies previous findings to the measurement of fermentation broth

of Trichoderma reesei.

2.2 Rheological Models in Fermentation Broths

Fluid mechanics can be defined by solving a set of constitutive equations, including
a rheological model equation. A Newtonian behavior is the simplest of rheological models.
The viscosity is defined as the relationship between the applied shear stress and the
resulting movement of the fluid (shear rate).
T=UXY 2.1
where 4 is the viscosity (Pa.s), 7 is the shear stress (Pa) and 7 is the shear rate (s™).

Newtonian fluids have viscosities that are independent of the shear rate. The
relationship becomes more complicated for non-Newtonian fluids. A special case of non-
Newtonian fluids are pseudoplastic fluids, which have shear-thinning behavior. Shear-
thinning fluids exhibit a decrease in viscosity with increasing shear rate. The viscosity in
such fluids is thus shear-dependent, and in those cases, the viscosity is called the apparent
viscosity. Mycelial fermentation broths commonly have marked pseudoplastic rheological
characteristics (Deindoerfer and West, 1960; Charles, 1978; Metz et al., 1979; Olsvik and
Kristiansen, 1994; Gibbs et al., 2000).

Four frequently used mathematical models for describing the rheology of

fermentation broths are:



Bingham (B) : T=1, tUXY 2.2

Power - Law (PL) : =K, xy" 23
Casson (C): Jr =, [Ty, + K¢ X \/? 2.4
Hershel - Bulkley (HB) : T=17, +Kyxp" 2.5

where 4 is the viscosity (Pa.s), 7 is the shear stress (Pa), 7 is the shear rate (s™, 7y, is the

Bingham yield stress, Kp; is the Power-Law consistency index, # is the flow index, 7, is

the Casson yield stress, K¢ is the Casson consistency index, 7, =~ is the Herschel-Bulkley

yield stress and Kyp is the Herschel-Bulkley consistency index.

Fermentation broths are thus characterized in terms of time independent and non-
viscoelastic models. Although experimental results have shown that time-dependent
behavior may exist (Deindoerfer and West, 1960; Bonjenaar et al., 1973; Roels et al.,
1974), no rheological models have been developed to characterize this occurrence in mould
suspensions. The models are empirical equations used to fit to the experimental data and
should be used with caution, since it is impossible to have full knowledge of shear stress vs.
shear rate relations and the elastic properties in the different flow fields for non-Newtonian
fluids.

The Bingham model is the Newtonian model with a yield stress. The yield stress is
the minimum stress to be exceeded before the fluid will start to flow. The importance of the
yield stress lies in the fact that the start-up power requirement in pumping through pipelines
and mixers will be altered. In addition, well mixed caverns emerge inside the fermenters
outside of which stagnant regions are present. In the specific case of 7. reesei, Marten et al.

(1996) gave a complete discussion on the effect of yield stress. Bingham model was used
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previously by some authors to characterize rheology of fermentation broths of fungi
(Deindoerfer and West, 1960; Allen and Robinson, 1990). A review of the different aspects
of the yield stress phenomenon was given by Barnes (1999). He discussed yield stress for
solids and liquids, and argued that a fluid can exhibit a range of yield stress and how yield
stress can be measured. In the case of filamentous fermentations, Moo-Young et al. (1987)
observed the polymer solutions were able to predict fermentations broth characteristics if
no or low yield stress was observed in the fermentation broth, though was unsuccessful in
the opposite case. The work by Leong-Poi and Allen (1992) applied the rotating vane
technique for direct measurement of the yield stress of filamentous fermentation broths. In
their work, they found that the static yield stress (measured by their method) had higher
values than dynamic yield stress obtained by extrapolation of models that account for yield
stress. At a later time, the work done by his colleague, Mohseni et al. (1997), showed that
the difference of the static and the dynamic yield stress depended on the morphology of the
mould tested. The more structured the filamentous fermentation broth, the greater this
difference.

The Power Law model is the most generally used in the characterization of rheology
of fermentation broths (Allen and Robinson, 1990; Ju et al., 1991; Olsvik et al., 1993;
Queiroz et al., 1997; Badino Jr. et al., 1999; Riley et al., 2000; Pamboukian et Facciotti,
2005; Casas Lopez et al., 2005). This model describes well shear thinning fluids with no
yield stress when the flow index (n) is below 1. An alternate model, Herschel-Bulkley
(HB) model is an adaptation to the Power Law equation to include yield stress. The Casson
model is a specific case of the HB model. They are both commonly used to describe

rheology for fermentation broths. Though, HB and Casson models are thought to fit
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experimental data at low shear rates better than the power law model (Bongenaar et al.,
1973; Metz et al., 1979; Ghildyal et al., 1987; Marten et al., 1996).

In previous work, it was suggested via statistical studies that the use of any of the
rheological models would characterize the experimental data evenly well, when the data
ranged over only one or one-and-a-half decades (Scott Blair, 1966). Elsewhere, three
models (Power Law, Casson and HB) were compared for the apparent viscosity of a
Penicillium chrysogemun fermentation broth and found no significant differenée over a
limited range of shear rates (Reuss et al., 1982). Allen and Robinson (1990, 1991) showed
that two- and three-parameter models did not have a significant difference in describing the
experimental data in the shear rate range of 2 to 650 s™.

In mould suspension rheology, the viscosity is commonly described solely by the
consistency index, K (Schiigerl, 1981; Olsvik et Kristiansen, 1992a, 1992b). According to
Allen and Robsinson (1990) and Olsvik et al. (1993), the flow index (#) is less influenced
by the operational design than K. Nonetheless, # has larger effect on the shear stress due to
the fact that » is an exponent. As a result, Olsvik et al. (1993) suggested that fhe use of K as
a sole indicator of viscosity should be done with caution. This is possible when 7 is either
constant or shows minor variation. Elsewhere, during studies on moulds Penicillium,
Aspergillus and Streptomyces, correlations were found between the biomass concentration
and the consistency index, while none were found in the case of the flow index (Allen and

Robsinson, 1990).
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2.3 Rheology Instruments

Fundamental rheological properties are independent of the instrument on which
they are measured so different instruments should give the same rheological characteristics.
This is an ideal concept and different instruments rarely yield identical results. To
understand this shortcoming, it is essential to define rheology and viscosity. Viscosity
describes a fluid's internal resistance to flow. As explained above, there are fluids which are
called Newtonian, when their viscosities are constant, while others are non-Newtonian,
where their viscosities depend on the shear rate. Some fluids may have solid-like properties
such as elasticity, called viscoelastic. Rheology is the field of study which encompasses all
these fluids. The existence of different properties within a fluid makes the measurement of
the rheology a complicated task. Thus, it must be recognized from the outset that not all of
the popular instruments measure viscosity, as an absolute value. However, they provide
valuable flow behavior information which, in many cases is quite adequate so long as it is
internally consistent. In some cases, such information is even more useful than actual
viscosity data, like texture control in the food industry (Steffe, 1996). In general, the
complex flow patterns employed in many instruments makes them unsuitable for rigorous
measurement of viscosity. It is also important to note that even with instruments
specifically designed to measure viscosity, considerable care must be exercised in
analyzing data for non-Newtonian fluids. It is also important to recognize that in most
cases, the empirical constants in any viscosity model are valid over only a limited range of
shear rate and extrapolation beyond the range for which the constants were determined is
usually risky. For example, the consistency index, K, of the Power Law model is obtained

by extrapolation to 1 s”'. Therefore, it is quite possible that K will have no real physical
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significance at 1 s™'. Also, the value of K will generally vary with the range of shear rate
considered. Similar statements can be made regarding the flow index, n. Thus, viscosities
should be determined over the range of shear rate that will be encountered in the process of
interest. Finally, it should be noted that the choice of the most appropriate viscometer will

be dictated, in part, by the range of shear rate to be studied.

2.4 Rheological Instrument Classes

Instruments for measuring elemental rheological properties of fluids are commonly
placed into two general categories: rotational type and tube type (Steffe, 1996). Rotational
instruments have different geometries, also known as fixtures, which is in contact with the
sample being analyzed. The geometries typically found are the parallel plates, cone and
plate, different variations of Couette (also know as concentric cylinders) and the mixer.
Tube instruments are made up of glass capillary, high pressure capillary and pipes. Most
are commercially available; others (mixer and pipe viscometers) are easily fabricated.
Mixer rheometers include a variety of geometries like the vane (can have varying number
of paddles and sizes), the ribbon impeller, etc... Costs vary tremendously from the
inexpensive glass capillary viscometer to a very expensive rotational instrument capable of
measuring dynamic properties and normal stress differences. Solids such as polymers,
foods and gels are often tested in compression (between parallel plates), tension, or torsion.
Rheometers are the instruments which measure rheological behavior of fluids. While,
viscometers are instruments that only measure viscosity. The term viscometer is limited to

the last type of measurements.
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Rotational instruments can have two modes of operation: the steady shear (constant
angular velocity) or/and oscillatory (dynamic) mode. Also, rheometers can function in
either controlled stress mode or controlled rate mode. The controlled stress mode facilitates
the collection of creep data, the analysis of materials at very low shear rates, and the
investigation of yield stresses. This information is needed to describe the internal structure
of materials. The controlled rate mode is most useful in obtaining data required in process
engineering calculations. As well, rotational systems are commonly used to study time-
dependent behavior because tube systems only allow one pass of the material through the
apparatus. A detailed discussion of the oscillatory testing, the primary method for
investigating the viscoelastic behavior of structured fluids can be found in other textbooks
(Tanner, 2000; Steffe, 1996). All rotational instruments are typically configured such that a
measuring fixture is in contact with the sample. The same fixture is attached to a drive and
a torque sensor or the torque sensor is on the opposite fixture.

Mechanical differences exist between controlled rate and controlled stress
instruments, which affect the capabilities and the cost of rotational instruments. The torque
is essentially measured in a different manner. It is important to understand the physical
characteristics of the torque sensor when considering measurements using a rotational
viscometer, such as flow or yield stress. In simplified way, in controlled rate instruments,
the motor drive and the torque sensor are separate, while in the controlled stress
instruments, the motor drive and the torque sensor are on the same side. Two typical torque
measuring concepts, used in controlled rate instruments, are illustrated in Figure 2.1. In one
system, the force is transferred through the sample from the sample cup causing the
deflection of a coiled spring. Spring deformation is measured and correlated to torque. Full

scale wind-up (how much the cylinder must rotate before the full scale torque is measured)
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is high for this type of system, often reaching as much as 80 degrees. A system with low
wind-up is also illustrated in the same figure. In this system, the full scale deflection of a
torsion bar is correlated to torque. Full scale deflection is achieved with very low wind-up

values often in the range of 1 to 2 degrees.
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System System
Figure 2.1 Strain Controlled Rheometer concentric cylinder (adapted from Steffe, 1996).
A controlled stress instrument is shown in Figure 2.2. It can use an air bearing or
magnetic bearing to provide “frictionless” movement of the upper fixture and a drag cup
motor to generate controlled torque on the shaft. Displacement is measured by a position
indicator. For this type of instruments, wind-up is basically zero. In recent years, more
sophisticated instruments were developed with both systems. In addition, technologies with
air bearing are able to measure torques way below mechanical sensors. To further improve

sensing, TA Instruments has developed rheometers with magnetic bearing instead of the air

bearing, further increasing the shear stress and the shear rate ranges at which the instrument
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can run tests. For further details on controlled stress rheometry, refer to the review on this

matter by Barnes and Bell (2003).
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Figure 2.2 Controlled stress concentric cylinder rheometers (adapted from Steffe, 1996).

There are advantages and disadvantages associated with each instrument type. For
example, gravity operated glass capillaries are only suitable for Newtonian liquids because
the shear rate changes during a sample pass. Cone and plate systems with small cone angles
require simple calculations to obtain shear rates. But, they are limited to moderate shear
rates. Pipe and mixer viscometers can handle much larger particles than cone and plate, or
parallel plate, devices. Problems associated with slip and degradation in structurally
sensitive materials are minimized with mixer viscometers. Pipe viscometers can be
constructed to withstand the rigors of the production plant conditions. It is frequently
difficult to use a capillary viscometer to measure viscosities of fluids containing suspended

particles. Among the problems most frequently encountered are settling of particles and
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plugging of fine capillary tubes, particularly by filamentous fungi. When particles remain
suspended and do not clog the capillary, complications can be introduced by the “tube
pinch” effect which is the migration of small particles away from the wall to the center of
the capillary. Capillary rheometers are also not well suited for measurement of the yield
stress. As a result of these difficulties, capillary viscometers have not been used widely to
study rheological properties of culture broths. Fatile (1985) measured the broth viscosity of
Aspergilus niger fermentation with a pipe-flow viscometer. Allen and Robinson (1990)
studied three different online pipeline viscometers for three mould suspensions: Aspergilus
niger, Penicillium chrysogenum and Streptomyces levoris. They found that small diameter
pipelines had slip problems, while larger diameter pipeline measurements were in close

agreement with rotational instruments tested.

2.5 Rheometers and Fixtures used for Fermentation

The rheological measurements of fermentation broths were mainly done using
rotational instruments. Tables 2.1 and 2.2 show an extensive list of publications where
rheological instruments were used for fermentation broth. The different geometries used are
also listed. The following section is a discussion on these different geometries. It can also
be noted that Table 2.1 is dedicated to Brookfield Engineering rheometers due to the
popularity and ease of use of this instrument. It is also clear from the two tables that the

preferred geometries are the concentric cylinders and the vanes.
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2.5.1 Rotational Viscometers

As discussed earlier, rotational instruments can be adapted to use different fixtures
for viscosity measurements. The sections below discuss specifically the fixtures that are

most commonly used.

2.5.1.1 Concentric Cylinder Geometry

The concentric cylinders, also called the coaxial cylinders, have two versions: (1)
the Searle system (when the inner cylinder is rotating while the outer cylinder is static) and
(2) the Couette system (when the outer cylinder is rotating, while the inner cylinder is
static). Figure 2.3 shows a typical concentric cylinder fixture. Equations (2.6) and (2.7) are

used to calculate the viscosity for a Searle system (Shramm, 1998).

Figure 2.3 Typical Concentric Cylinder Fixture.
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Shear rate calculation at the inner cylinder:

R2

}}i =2Qﬁ 26
Q:”%N 2.7

where y, is the shear rate (s) at the inner cylinder of radius R; (m), Q is the angular

velocity (rad/s), R, is the outer cylinder radius (m), N is the inner cylinder rotational speed

(min™). The shear rate 7, within the annulus area is given by:

2Q( R?
;g =222 0 2.8
& r(ﬁ-ﬁ]

where 7 (m) is a radius between R; and R, . The shear stress 7; (Pa) at radius R; is given by:

T, = M > 2.9
2rx Lx R xC,
The shear stress 7, (Pa) at radius R,:
T, = M > 2.10
2xLxR; xC,
The shear stress 7, (Pa) at radius 7:
M 2.11

T =
r 27r><L><r><C'f

where M (N.m) is the measured torque, L (m) is the cylinder height, Cs is the torque
correction factor which incorporates cylinder end effects. The viscosity 4 (Pa.s) is given

by:
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Therefore, the concentric cylinder fixture is a classical rotational viscometer. The
above calculations show that the fixture provides a straightforward and accurate means for
determining the Newtonian viscosity. While it can also be used for determining non-
Newtonian viscosity, more complex calculations are required. The data should be collected
at several rotational speeds. For more details regarding calculations, experimental
procedures and various instrument correction factors, the reader is advised to consult
rtheology textbooks. Finally, it should be noted that when suspensions are tested in the
Searle or Couette viscometer or any other rotational viscometer having a smooth rotating
surface, a clear region forms in the immediate vicinity of the cylinder and there is often
noticeable gravity settling of the particles. Hence, some questions exist as to whether such
viscometers are entirely appropriate for testing whole culture broths. Nonetheless,
concentric cylinders have the advantage over other rotational instruments in that they
measure directly the viscosity. In order to retain this advantage, modified versions of the
concentric cylinders have been investigated recently to address settling problems in
suspensions. To address this problem, a flow rheometer based on the principles of helical
flow was developed by Akroyd and Nguyen (2003). The rheometer they designed is a
modified Couette flow system, whereby slurries are circulated through the concentric
cylinders by the addition of an axial flow. The purpose of this axial flow is to prevent
particles from settling and to maintain a homogeneous suspension. However, the addition
of an axial flow component to Couette flow complicates the analysis procedure for non-
Newtonian fluids particularly in wide gap geometries. Thus a specific emphasis in their
study was placed on developing a correct analysis procedure for helical flow that

eliminated the need for rudimentary calibration procedures. Although this settling was
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investigated in concentric cylinder systems, further investigation is required for other

problems.

2.5.1.2 Cone and Plate Viscometer

Another widely used type of fixture used in a rotational rheometer is the cone and
plate. This fixture, which is illustrated in Figure 2.4, has the very convenient feature that for
cone angles less than 3°, the shear rate throughout the fluid is essentially constant and given

by:

2.13

. Q
y=—
o

where « is the cone angle (in radians).

Figure 2.4 Cone and plate fixture.

The shear stress (at the surface of the cone) is given by:
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3IM

T=2 e 2.14
7

where M is the torque exerted on the cone and R is the radius of the cone. Thus, non-
Newtonian flow curves can be obtained directly with relatively simple calculations. While
the cone and plate fixture has been used extensively to study non-Newtonian fluids in
general, its use in the study of rheological properties of culture broths has been limited
(Mohseni et al., 1997; O'Cleirigh et al., 2005; Metz et al., 1979). In our laboratory, both the
cone and plate and the parallel plate fixtures were tested. While the acrylic (which makes
them transparent) fixtures rotated, the filamentous mould of 7. reesei aggregated and
separated from the fermentation broth medium. Then, the cell aggregates were expelled out
of the fixtures; this will be discussed in future sections. Finally, other authors have
observed phase separation near the rotating cone when suspensions were tested, but the
separation did not appear to be as pronounced as in the cases of concentric cylinders and

Brookfield spindles.

2.5.1.3 Mixer Viscometer

While standard rotational viscometers are versatile, reliable and widely employed,
they are sometimes difficult to use for studying fermentation broths, particularly mycelial
broths. Some of the difficulties were previously enumerated and are (Bongenaar et al.,
1973; Roels et al., 1973; Allen and Robinson, 1987):

1. phase separation

2. formation of less dense region in immediate vicinity of rotating bob

3. non-homogeneity as a result of gravity settling
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4. large particles about the same size as the gap impair accurate measurement of

viscosity

5. destruction of particles in shear field.

Examples can be found in literature to illustrate the difficulties mentioned above. In
the work done by Charles (1978), he studied in his laboratory with a dial Brookfield
viscometer (model LVT) which has scale readings (proportional to viscosity), the viscosity
as a function of time at various speeds for a 1% (w/v) Aspergillus niger culture broth
sample. The readings shown were erratic but tended to decrease with time (more so at
higher speeds) and at first seemed to indicate thixotropic behavior. However, through
visual observation, the author saw partial settling and also phase separation near the
rotating spindle (Brookfield No. 1), which were responsible for the observed time effect.
He also observed similar behavior with a yeast suspension having a biomass concentration
of 4% (w/v), although to a much smaller extent. Elsewhere, Allen and Robinson (1987)
discussed extensively the slip problems encountered during experimentation and their
effect on the end results.

In order to overcome such difficulties, many have worked with alternate geometries.
Bongenaar et al. (1973) and Roels et al. (1974) developed a modified viscometer (basic unit
was a Haake Rotovisko; MK50) which employed a turbine impeller instead of the more
conventional smooth, geometrically simple concentric cylinders. They claimed that this
fixture provides two important advantages:

a) phase separation and settling are prevented, and
b) the shear rate is simply related to the impeller speed via the Metzner and Otto

(1957) relationship:
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y=kN 2.15

where N is the rotational speed of the impeller, and & a constant that may be taken as
approximately 10 for turbine impellers, at least for many pseudoplastic non-Newtonian
fluids. The value of k£ depends on impeller type and geometry, which can be obtained in the
laboratory, by calibrating procedures described by Metzner and Otto (1957). However, an
extensive compilation of & values for various impeller types and for dilatant and Bingham
fluids can be found in literature.

The turbine impeller establishes a relatively complex flow pattern which does not
allow straightforward calculation of shear rate and raises some questions regarding the
significance of the calculated viscosity. In particular, the instrument does not seem to
satisfy the requirements for measuring viscosity as defined formally and therefore it is not
clear immediately that the calculated quantity is an intrinsic property of the fluid.
Nevertheless, the instrument does eliminate operating problems associated with rotational
viscometers used to study mycelial broths and appears to give internally consistent data.
Furthermore, data analysis while not absolutely rigorous from a rheological point of view is
based on well-proven and widely-accepted empirical correlations. Roels et al. (1974) have
presented the following derivation. The generally-accepted empirical relationship between

power number, Np and Reynolds number, Ng,, in the laminar flow region (Re < 10) is:

N, =24 2.16
NRe
2
N, =3 NP 2.17
y7;

where d; is the impeller diameter, p is the fluid density and u is the fluid viscosity. The

power number is, by definition,
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P

= 2.18
pN°d,

P

where P is the power input. The power input is also related to the torque, M, exerted on the
impeller:
P=2xNM 2.19

Combining Equations 2.16 through 2.19, one obtains:

_ 644,
Y

M

M 2.20

As stated previously, it has been shown experimentally that the shear rate at the tip of a
turbine can be expressed conveniently and usefully as in Equation 2.15, where & is a
constant. Combining Equation 2.15 with Equation 2.1 results in

T=puy=ukN 2.21
Finally, Equations 2.20 and 2.21 are combined to give

2k
T=——r
64d,

222
T=C;M 2.23
where C; may be viewed as an instrument constant. Thus, one may determine viscosity as a
function of shear rate by simply measuring torque at various rotational speeds, so long as
Re < 10. More recently, Lopez et al. (2005) adapted the above equations to further improve
measurement for a non-Newtonian fermentation broth. The equations they obtained are

used to predict the shear rate and the shear stress, respectively, for a Power-Law fluid in

laminar regime:
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3
cd,

T =

where £; and ¢ are constants that are dependent on the geometry of the system, 7 is the flow
index. The constants are obtained through a two-stage calibration of the instrument: first,
with a Newtonian fluid with known viscosity and, second, with a non-Newtonian fluid with
known profile. The advantage of this system is in the direct calculation of the Power-Law
parameters (K, the consistency index and », the flow index) from instruments which
typically measure the torque (M) and the impeller rotation speed (N). The authors

accomplished this by further developing the above equations to give:

3 n
pm=Kedi [ 4n ) 2.26
27 (3n+l

While the methods do offer considerable promise for the study of mycelial broth
rheology, it will definitely require further testing. In particular, comparisons should be
made between viscosities of homogeneous non-Newtonian fluids determined by the new
method and by conventional methods. Also, effects of gas bubbles and of various geometric
parameters (e.g., impeller size and configuration, presence of baffles) should be
investigated carefully. It is also suggested to possibly include the yield stress by modifying

Equation 2.24-2.26 for a Hershel-Bulkley model.
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2.5.1.4 Viscosity Measurement in-situ and on-line

In view of the importance of rheological properties as process variables, the use of
an on-line or an in-situ rheometer would have significant advantages for continuous
monitoring and control purposes of the rheology of fermentation process. Also, the
measurement in-situ of the rheology avoids the extraction of samples to an ex-situ location,
which can result in alterations to the sample due to the sensitivity of the fermentation broth.
The effect of time on samples and ex-situ conditions can have detrimental effects, altering
sample properties relative to those in the bioreactor (Metz et al., 1979). In the literature,
there are few publications addressing the development of in-situ or on-line measurement of
viscosity. This is probably due to the difficulty in the measurement of suspensions like
fermentation broth, discussed above. Also, the importance of maintaining sterile conditions
also restricts the use of many rheometers typically used in industry, a problem which is also
encountered in the food industry, as discussed by Steffe (1996). The following two cases
are among the few which attempt to address these problems.

Charles (1978) discusses the work done by Wang and Fewkes (1977). The latter
have attempted to make an in-situ instrument, by using a technique similar to Bongenaar's
method to measure the rheological properties of a Streptomyces niveus culture by using the
reactor and the drive with a torque sensor as a rheometer. Charles (1978) describes that this
can be accomplished by reducing the agitator speed to ensure "laminar" flow and then
measuring power input as a function of agitator speed. He then suggest that the necessity
for maintaining laminar flow when applying Bongenaar's method is clear since the
calculations are based on the assumption of laminar flow. However, he then stated that the

necessity for laminar flow in the present Wang and Fewkes case was not clear. While they
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gave no details of the calculation, he suggested that it is probably safe to assume that their
measurements were used in conjunction with the Np vs. Ng, and the correlation of Metzner
and Otto (1957) (Equation 2.15) for the shear rate at the impeller tip in view of obtaining
the relationship between viscosity and shear rate. A similar approach was discussed by
Skelland (1967). Charles (1978) describes the following procedure, as an example to Wang
and Fewkes technique:

1. Calculate Np (see Equation 2.18).

2. From the Metzner and Otto (1957) correlation obtain the corresponding Ng,

3. Calculate the apparent viscosity:

2.27

4. Calculate the shear rate at the impeller tip: y =k N

Charles (1978), noticed then, that both » and K appear to be functions of rotational
speed for shear rate in the range of 25-75 s™ For such a narrow range, he suggested that
one would expect the power law model to correlate the data reasonably well with only one
value each for » and K. Elsewhere, he discussed that the fact that » and K do vary is
possibly due to some deficiency in the method as used. He added that the conditions at
which the measurements are done could cause significant deviations in the results due to
the sensitivity related to viscosity calculations. As an example, he explained that the failure
to shut off air flow during measurements would distort markedly the results.

Indeed, further research is required for this method to be applicable. As for in-situ
instruments, it should be noted that at present there appears to be only one commercial

viscometer suitable for use in agitated vessels. This is the Dynatrol® Viscosity
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Measurement Probes (Automation Products, Inc.) which has been used for various process
applications. However, no reports have been published of its successful use in fermenters.

As an alternative to in-situ, on-line measurements seem more promising. Although
there are very few publications, the work done by Kemblowski et al. (1985) showed
successful results. Figure 2.5 is a simplified version of the on-line rheometers that were
designed. The advantage of this system is the capacity to use measuring geometries such as
the vane impeller to avoid problems with settling and wall slip, discussed above. In
addition, sterile conditions are maintained by designing a closed circuit. Kemblowski et al.
(1985) perform measurements in fermentations with Aureobasidium pullulans. Olsvik and
Kristiansen (1992), laboratory colleagues of the formers, also worked with the on-line
rheometers constructed. They used successfully the instrument in a continuous fermentation
of Aspergillus niger. The viscosity was a monitored process parameter and used as a
reference to adjust the dilution rate to maintain low viscosity conditions, thus keeping
higher mass transfer conditions.

Badino Jr. et al. (1997) constructed a similar instrument and compared two
geometries: a ribbon impeller and a six-blade impeller. The system with one of the helical
ribbon impellers was selected for on-line continuous rheological measurements due to its
small dimensions and its wide measurement range. In addition, the performance of the
proposed device, in terms of rheological measurements in Aspergillus awamori broths, was
compared to that of a commercial bench rheometer. The comparison of on-line and off-line
rheological measurements showed a good agreement between both measurement
techniques. Furthermore, their results suggested that the on-line rheometer features higher

sensitivity and easier operation than bench top rheometers.
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Figure 2.5 Online Rheometer Diagram

2.6 Factors to consider when choosing a rheometer and fixtures

The factors and conditions required for choosing both a rheometer and a measuring
geometric fixture for rheological analysis are widely discussed in rheological textbooks.
There are many textbooks that specialize in the measurements of polymers, foods, paints,
and suspensions. For the case of fermentation broth rheology, very little information is
available. Nevertheless, some principles found in those textbooks are general to the
discipline of rheology and are applicable to fermentation broth, which is a suspension of
microorganism cells. Elsewhere, publications by Bongenaar et al. (1973), Roels et al.
(1974), Metz et al. (1979) and Allen and Robinson (1987 and 1990) are good sources of

information on the measurement of fermentation broth rheology. They describe the
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problems encountered with conventional instruments like the concentric cylinders and
develop their own solutions to circumvent those problems. The common problems and their
suggested solutions are:
1. The size of cells (or cell aggregates) has the same size as the annulus, resulting in
the destruction of cells, and the obstruction of the free rotation of the cylinder.
2. Formation of less dense layers at the wall surface or wall slip
3. Biomass settling, resulting in a suspension that is inhomogeneous and phase
separation
For the first problem, it is commonly suggested in literature to have an annulus 10 times the
size of the particles (Brummer, 2006; Schatzmann et al., 2003). From the above, the mixer
geometries are capable of overcoming the other two problems. So, for our purpose, priority
was emphasized on the choice of a rheometer capable of using mixer geometries with
annulus 10 times greater than 7. reesei cell aggregates (clumps and dispersed morphologies
are present - see Chapter 3 for more details).

During the selection of geometries, it is commonly known that the following list of
boundary conditions or measurement constraints must be met to obtain adequate data in
volume loaded geometry (Schramm, 1998):

e Laminar Flow

o Steady State Flow

e No slippage

e Samples must be homogeneous

e No chemical or physical changes in the sample during testing

¢ No elasticity
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o End effects should be negligible
e Radial and axial flow velocity components should be zero (for cup geometries)

Figure 2.6 shows representative figures of five geometries tested in our laboratory
that were attached to TA Instruments AR-G2 rheometer. Figure 2.7 shows the analysis of a
fermentation broth sample using the geometries. In addition, three cones with different
characteristics were tested: steel (to compare with lighter material), two acrylic with
different cone angles (the angle results in different truncation; the lighter acrylic results in
less inertia). It is clear from Figure 2.7, all the cone and plate geometries and the double
concentric cylinders show values higher than the other geometries which results are in close
agreement. The higher values are probably due to the particle size which obstructs the free
movement of the geometry. Through visual observation, it is clear that biomass aggregates
were forming, separating from the broth and rolling into filaments. A similar phenomenon
was observed for analysis of Solka Floc by the acrylic cone and plate with an angle of 2°.
Figures 2.8 and 2.9 are pictures of the Solka Floc, before and after a rheological
measurement. From these results, two geometries were therefore selected for the
examination of the fermentation samples for experimentation discussed in Chapter 3: the
concentric cylinders and the vane. The concentric cylinders were used for the first two
samples from fermentation runs. At the beginning, samples had low biomass concentration
(below 5 g/L) and the broth rheology properties resembled those of water. Figure 2.10
shows the first sample of fermentation analyzed using the two geometries: the vane and the
concentric cylinders. Clearly, the vane does not adequately measure properties of the
sample, since the calculation of Ng. showed that for a large portion of the shear rate range,

the flow was not laminar.
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Figure 2. 7 Comparison of the rheological analysis of a fermentation broth sample using 5

different fixtures. The sample was taken from a run done at 0.5 Hz in a reciprocating plate

bioreactor. The rheometer used was TA Instruments AR-G2.
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Figure 2. 8 Analysis of Solka Floc using an acrylic cone and plate fixture. The picture
shows the sample at the beginning of the run, before the cone rotated. The sample looks
homogeneous.

= =

Figure 2. 9 Anailyss of Solka Floc using an ahc cone and ate fixture. The picture
shows the sample at the after the end of run. The Solka Flow is clearly aggregated into
filaments.
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Figure 2.10 Comparison of rheological analysis of the first sample in a fermentation run
using a vane and concentric cylinders.

Another important consideration to make while choosing a rheometer is to know the
shear rate range required to perform the analysis. The shear rate range is determined by
factors such as the shear conditions in the reactor and the stirring mechanism. Estimates of
the shear rate are based on the Metzner and Otto (1957) relation discussed earlier. For more
precise estimates, computational fluid dynamics is done on a specific system. In our case,
the shear rate range is based on literature estimates for our reactors. The commonly used
shear rates range from 1 to 1000 s™.

Rheometer drives and the torque sensor determine the capability to reproduce the
shear rate range required. On the one hand, the lower the viscosity of the suspension, the
more difficult is to measure the rheology at low shear rates. Therefore, the more sensitive

the torque sensing mechanism, the lower the shear rate can be achieved and the less viscous

suspensions can be analyzed. On the other hand, the higher the shear rate needed the more
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power a drive must output. In addition, these factors as well as the level of sophistication
impact directly on the cost of the rheometers. In this manner, our choice of a rheometer
depends on the possibility of running tests for a shear rate range of 1 to 1000 5’|, the use of
the geometries discussed above and the cost. Finally, a last point to consider in the choice
of a rheometer is the possibility of temperature control, due to the high dependency of the
viscosity on temperature. In the following section, details are shown of the different

rheometers considered.

2.7 Finding a Rheometer

Today, many different rotational rheometers are available on the market. Table 2.3
shows some of the rheometers considered for the purpose of measuring fermentation
rheology and that fulfill the conditions discussed above. The make and the model name are
shown as well with some important characteristics: the torque, the rotational speed, the
shear stress, the shear rate, the viscosity and the estimated cost. The ranges of shear stress,
shear rate and viscosity are dependent on the geometry used. The ranges shown are
obtained by combining all geometries ranges available for the rheometers. The information
given in the table is therefore for the widest possible shear stress, shear rate or viscosity
ranges possible with corresponding rheometers. TA Instruments AR-G2 is capable of
giving the required shear rate range for our analysis. However, this information was not in
the documentation and was found through experimentation. Some instruments give the
option to use custom-made geometries, which would give different ranges.

The rheometers shown in the Table 2.3 vary from the lowest end to the most

sophisticated on the market. Haake, Bohlin and Brookfield Engineering rheometers use
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mechanical bearing and a calibrated coil spring as a torque sensor, while the TA
Instruments has magnetic bearing and a deflection mechanism for torque sensing. Haake
Viscotester 7-L and Brookfield DVIII-LV function fundamentally the same way. There are
several variations of these rheometers dependent on the viscosity range required, with the
designations L and LV indicating the low viscosity versions. Unlike all other rheometers in
the table, the Haake Viscotester 7-L does not have vane geometry available. In addition,
both these rheometers and the Haake VT550 do not cover the entire range of shear rates (1-
1000 s™") required. Despite the fact that Bohlin V88 covers the shear rate range, the minimal
viscosity measurable is 5 mPa.s which can be a limitation when measuring viscosity
associated with the first samples of a fermentation run. As discussed before, these samples
have viscosities close to water viscosity (1 mPa.s). The remaining two rheometers are
AntonPaar RheolabQC and TA Instruments AR-G2. The last one is without a doubt a more
sophisticated rheometer than the former one. TA Instruments has the option to use many
different geometries such as cone and plate, parallel plates, vanes, concentric cylinders, as
well as others. Also, the temperature control system has the ability to bring samples to
process temperature in a just a few minutes, thanks to their Peltier heating/cooling system.
One major difference is the option to study structural properties of materials thanks to the
oscillatory analysis mode and the ability to use streaming video to monitor analysis.

All mentioned rheometers would be useful to measure our sample rheology.
However, the last two rheometers are able to run tests with shear rates close to the target
range if not the entire range (this is dependent on geometry and not on these two
rheometers because their drives and torque sensors are capable). The choice between one
rheometer and the other would be the availability of the funding. In our case, funding was

limited, thus the only option would be the RheolabQC. The possibility of using a high-end
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rheometers has its advantages, with the possibility of using the equipment for rheology
analysis other than the fermentation broth. Therefore, collaboration was considered as an
option. At the start, collaboration was sought with other laboratories. Few were found with
rheometers capable of measuring viscosities in our range. Professor Denis Rodrigue from
Laval University (Quebec) accepted to collaborate and had a Rheometrics RDAIII. The
geometry used was parallel plates with 6-cm diameter. Two problems were encountered
during the test. For samples that had viscosities close to water viscosity, the instrument was
unable to measure the viscosity. In this case, the torque was the limiting factor. The
instrument was not sensitive enough to measure low viscosities. Second, the parallel plate
geometry changed the morphology of the sample. The suspension was transformed into
separate solid and liquid phases. The solid phase formed aggregates. At high shear rates,
these aggregates were expelled out of the parallel plate gap, altering the solid concentration.
From this test, it was concluded that both the geometry and the instrument were not useful
for our rheology measurements. The other option was to contact directly both TA
Instruments and AntonPaar companies for establishing collaborations. AntonPaar gave us
the possibility to test their equipment for a month, while TA Instruments let us use the
instrument for all the duration of our experimentation. The following section shows some

results from the analysis using both instruments.

2.8 Comparing TA Instruments and AntonPaar

Both instruments were provided with a large set of geometries. All the geometries
were tested for measurement of fermentation broth, as well as, water solutions,
carboxymethyl cellulose (CMC), and suspensions (paper pulp and Solka Floc). These

solutions and suspensions have properties close to that of the fermentation broth. Figure
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2.7, discussed before, shows the result of fermentation broth analyses with the different
geometries provided by TA Instruments. Since we had the instruments at different times, a
different sample of fermentation broth was analyzed using AntonPaar RheolabQC. Figure
2.11 shows the results of a rheology analysis using all the provided fixtures from
AntonPaar. For the same sample biomass concentration, the double gap concentric
cylinders and both concentric cylinders were used to measure the viscosity. However, the
fixtures have different shear rate ranges. In the case of the provided vane, the measurements
are not correct. This was expected since the operating range for this fixture found in the
documentation was no suitable for our samples.

Figures 2.12 and 2.13 show that both instruments are capable of measuring the
rheology of water and CMC with the provided fixtures. However, the shear rate ranges at
which the analysis was done differs between both instruments for all the fluids analyzed.
The torque sensitivity of the instruments diverges significantly. TA Instruments AR-G2
minimum torque is 83333 times lower than the AntonPaar RheolabQC, therefore making
TA Instruments operate at wider shear rate ranges.

Figures 2.14 and 2.15 are measurements of paper pulp suspensions at 1 and 10 g/L,
respectively, using both instruments. However, the results should be examined with
caution, since the gap size condition was not satisfied. This was visible in Figure 2.14, the
measured rheology differs greatly between both instruments. The difference is not due to
the instrument, but to the fixture. A double gap concentric cylinder fixture was used in the
AntonPaar instrument, where the gap size was close to the size of the particles. This
obstructed the free movement of the cylinder, thus showing a more viscous curve, than the

vane geometry in TA Instruments. Unfortunately, none of the fixtures provided for the
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RheolabQC were suitable for this measurement. In this case, the vane geometry (TA
Instruments) results seem more credible. In Figure 2.15, the results seem to concord. A
different geometry was used with AntonPaar instrument. The viscosity of the paper pulp
was higher, so the CC27 concentric cylinder geometry was used (this geometry did not
have the gap size problem). Once more, the shear rate ranges at which the instruments
operate differ due the reasons mentioned above. Also, a higher paper pulp concentration of
20 g/ was attempted. However, both fixtures provided with the instruments were
obstructed and gave highly unstable results.

In addition, measurements were attempted on Solka Floc fiber suspensions. This
suspension had the tendency to precipitate quickly. Then, AntonPaar fixtures were unable

to keep the fibers suspended, thus measurements obtained were unstable.
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Figure 2.11 Analysis of a fermentation broth sample (20.93 g/l) using 4 fixtures with
RheolabQC rheometer. The fixtures are: DG42 (double gap concentric cylinder); CC39
(concentric cylinder); CC27 (concentric cylinder); FL100 (6 bladed vane).
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Figure 2. 13 Three CMC concentrations were analyzed for their rheology using TA
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RheolabQC (fixture DG42).
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Figure 2. 14 Rheology analysis of paper pulp at a concentration of 1 g/l was done using
two rheometers: TA: TA Instruments AR-G2 (vane fixture) and AP: AntonPaar RheolabQC
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Figure 2. 15 Rheology analysis of paper pulp at a concentration of 10 g/L. was done using
two rheometers: TA: TA Instruments AR-G2 (vane fixture) and AP: AntonPaar RheolabQC
(fixture concentric cylinder CC27).
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2.9 Rheology Measurement System and Procedure

Background:

The TA Instruments AR-G2 rheometer is a stress-controlled/strain-controlled
rotational instrument. It is a versatile rheometer, suited to determine the rheological
properties of a wide range of types in fluids and soft matters. A few characteristics are real-
time raw data capture: easy to use, many geometries to choose from and reliable
measurements.

Apparatus:

Figure 2.16 shows a picture of the AR-G2 rheometer. The drive head and the torque
sensor height can be adjusted thanks to a motorized system. To the rod, geometries are
connected. Figure 2.17 shows the Peltier Smart Swap Jacket (for temperature control), the
sample cup (which goes in the jacket) and the two geometries used to analyze rheology
during fermentation runs. General details are presented here; for more information,
extensive descriptions can be found in instrument manuals as well as in brochures.

Figure 2.18 shows the components of typical AR series rheometers:

1. Drag Cup Motor

2. Thrust Bearing

3. Radial Air Bearings

4. Optical Encoder

5. Normal Force Transducer

6. Rigid One-Piece Aluminum Casting and Linear Ball Slide
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Figure 2.16 TA Instrument AR-G2 Rheometer.
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Figure 2.17 TA Instrument accessories used for fermentation broth analysis: Peltier
temperature control system, the sample cup, the cone concentric cylinder, the 4-blade vane.
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Figure 2.18 TA Instruments AR-G2 mechanical components

Figure 2.19 is a close up of the technology behind the head of an AR-G2 rheometer:

1. Magnetic Thrust Bearing

2. Patented Drag Cup Motor

3. Radial Air Bearing

Equipment Needed:

AR-G2 Rheometer (Instrument specification can be found in Appendix A)
Geometries: Vane; Concentric Cylinder Cone End; Cup
Sample container
Sample
Computer for control

Setup:
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TA Instrument provided a general instructions guide for operation of AR

theometers. The guide can be found in instrument documentations under “Introductory

guide to using an AR series rheometer using Rheology Advantage software”. The following

summary was instructed by TA Instruments technicians:

Turning on the AR-G2 must be done in this order:

1.

2.

Turn on the air supply and adjust to 30 psi using regulator.

Turn on the water pump for the Peltier Temperature Control Systefn.

Unlock the draw rod.

Turn on the computer controller to turn on the rheometer electronics.

Check the apparatus for proper working order and no visible problems. No error
codes displayed.

Ensure all parts are clean and dry.

Figure 2.19 TA Instruments AR-G2 drive head mechanical configuration

50



Operation:
7. Calibrate for instrument inertia, geometry inertia and bearing friction.
8. Install geometries.
9. Pre-set operating temperature.
10. Map instrument.
11. Zero geometry gap.
12. Set analysis procedure.
13. Load sample according to suggested volume.
14. Close geometry to preset position.
15. Run Test.
Resetting the Device and Cleanup:
16. Raise geometry.
17. Remove geometry and sample cup.
18. Remove the sample and dispose of properly.
19. Wash gently and thoroughly geometry and sample cup with hand soap (to prevent
damage to materials).
20. Dry and wipe geometry and sample cup.
21. Ensure all portions of the instrument are clean and clear of sample.
22. Follow steps 7 to 15 for further sample testing.
Turning off the AR-G2 must be done in this order:
23. Turn off the computer controller to turn off the rheometer electronics.
24. Lock the draw rod finger tight.
25. Turn off the water pump for the Peltier Temperature Control System.

26. Turn off air pressure.
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Precautions:

e It is critical to have the appropriate air pressure before unlocking the draw rod.

Failure to have correct conditions could cause severe damage to bearing system.

e Correct gap zeroing is important. Incorrect gap closure can result in the geometry

hitting the cup base and permanently damaging normal force sensor.

2.10 Nomenclature

K uB
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Greek letters
a

4
7i

N

S NN

Torque correction factor ( - )
Instrument constant ( - )

Impeller diameter (m)

Constant ( - )

Casson consistency index (Pa.sO'S)
HB consistency index (Pa.s”)
Constant ( - )

Power-Law consistency index (Pa.s")
Cylinder height (m)

Torque (N.m)

Flow index ( -)

Rotational speed (min™)

Power number ( - )

Reynolds number ( - )

Power input (kg.m/s)

Radius between inner and outer cylinders (m)
Radius of inner cylinder (m)

Radius of outer cylinder (m)

Cone angle (rad)
Shear rate (s'l)

Shear rate at inner cylinder (s'l)

Shear rate at radius 7 (s”)
Viscosity (Pa.s)

Fluid Density (kg/m®)

Shear stress (Pa)

Shear stress at inner cylinder (s™)

Shear stress at outer cylinder (s'l)
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T, Shear stress at radius 7 (s™)

T, Bingham yield stress (Pa)

T, Casson yield stress (Pao‘s)

T, Herschel-Bulkley yield stress (Pa)
Q Angular velocity (rad/s)
Subscripts

B Bingham model

C Casson model

HB Herschel-Bulkley model

Inner cylinder
Power

PL Power Law model

Outer cylinder
Radius between inner and outer cylinder

Re Reynolds

Yield Stress
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3.1 Abstract

Bioethanol can be produced from a wide variety of feed stocks; however, it appears
that using cellulosic residues such as corn stovers, straws and wood chips is a more viable
solution even though cellulase hydrolysis remains a challenging step in the bioethanol
production process. Cellulase can be produced by the filamentous fungus Trichoderma
reesei. Due to the morphological complexity of this fungus, the fermentation broth during
the process reaches high viscosities limiting nutrient and oxygen transfer to the cells, thus
affecting enzyme productivity.

In the present study, the relationship between biomass concentration, morphology
and broth rheology was characterized under two different modes of agitation: a stirred tank
bioreactor operated at 200, 300, 400 and 500 RPM and a reciprocating plate bioreactor

agitated at 0.25, 0.50, 0.75 and 1.00 Hz. The rheology was best described by the Herschel-
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Bulkley model. Both the biomass concentration (X) and the consistency index (K) showed
strong dependence on agitation. The morphological factor (K/X®) varied during the course
of the fermentation, underlying the importance of including a morphological parameter in
the prediction of K. Through biomass reconstitution experiments, the biomass exponent «
was shown to remain constant during fermentation runs performed under different agitation
conditions.

Fermentation broth morphology was assessed by image analysis. Both
morphological classes, clumps and the dispersed forms were shown to vary during
fermentation. Morphological parameters were averaged over all morphological classes and
correlated to K/X”. Roundness was found to have the strongest correlation when data from
the batch and the fed-batch phases were considered separately. A linear and a power-law
mathematical model were suggested to characterize the correlations for the batch and the
fed-batch phases, respectively. Data separation in both phases improved the capacity to

predict the experimental values of K.

3.2 Introduction

Global warming due to greenhouse gas emissions continues to be a growing
concern for its impact on the planet’s weather pattern and the potential rise of the sea level.
Fossil fuel is the main contributor of greenhouse gases and it is necessary to seek new
energy sources that are renewable and sustainable. From a fuel perspective, bioethanol and
biodiesel are the fuel sources that can provide, in the immediate future, a reduction in the

net CO; gas emission.
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Bioethanol is produced from simple carbohydrates (sugars) through a fermentation
process. There exist mainly three feed stocks of fermentable sugars to produce bioethanol:
sugar cane giving sucrose (one glucose and one fructose), corn (as glucose dimer), or
cellulosic fibers (mixture of carbohydrate polymers when hydrolyzed gives mainly glucose
and xylose). Sugars from sugar cane and corn are more easily obtained. However, they are
both food sources and corn is a staple food in some countries, which can affect supplies and
prices to low income families. On the other hand, cellulosic materials are widely abundant
in nature. They can be found in the form of agriculture waste such as corn stover, straw, or
waste from the lumber industry. Although cellulosic material is widely abundant, cellulose,
a glucose polymer, requires intensive processing for the extraction of the fermentable sugar.
Different methods are used to hydrolyze cellulose into glucose such as using sulfuric acid.
However, the latter is toxic and gives secondary products (Mohaghehi et al., 1988). A more
environmentally-safe method to process the cellulose part of the biomass is using cellulase
enzymes. Cellulase hydrolyzes cellulose to give only glucose as a product and has the
advantage to be biodegradable. Although, the price contribution of these enzymes to the
bioethanol cost has drastically dropped in recent years in large part to strain and genetic
improvement of the microorganisms, further research is required to decrease production
costs by the optimization of the production process of cellulase enzymes (Philippidis, 1994;
Philippidis and Hatzis, 1997; Schell et al., 2001; Aden et al., 2002; Novozymes, 2003,
2007).

Cellulase is a mixture of enzymes which hydrolyze completely cellulose fibers.
Although many microbes produce cellulase enzymes, few are capable of producing the
enzyme complex which completely hydrolyzes cellulose fibers. From literature, the

filamentous fungus Trichoderma reesei is reported to be the most efficient natural producer
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of cellulase and is widely used in industry for providing all the cellulase enzymes (Maras et
al., 1999; Tolan and Foody, 1999; NidetzKy et al., 1994; Merino and Cherry, 2007). Akin to
many other fungi, of which some are listed in Table 3.1, it is well established that the
filamentous nature gives the microorganism a complex morphology responsible along with
the contribution of the biomass concentration for a highly viscous and non-Newtonian
fermentation broth. Variation of these properties during fermentation influences the
bioreactor momentum, thus affecting mass and heat transfer. These transport properties
have a strong influence on the efficiency and cellulase productivity in a bioreactor. Figure
3.1 shows a summary of the relationship between the process variables. To improve
cellulase production, this study aims at characterizing the relationships between rheology,
morphology and biomass concentration in an attempt to improve reactor performance
(Schiigerl et al., 1998).

Table 3.1 List of some industrially-relevant filamentous microorganisms.

Microorganism Authors Year
Aspergillus niger, Penicillium . Allen and Robinson 1990
chrysogenum and Streptomyces levoris
Aspergillus niger Leong-Poi and Allen 1992
Penicillium chrysogenum Pedersen et al. 1993
Aspergillus niger and Streptomyces levoris Mohseni et al. 1997
Aspergillus oryzae Marten and Wenger 1997
Aspergillus awamori Badino Jr. et al. 1999
Penicillium chrysogenum Goudar et al. 1999
Aspergillus oryzae Lietal. 2000
Penicillium chrysogenum Riley et al. 2000
Aspergillus awamori Badino Jr. et al. 2001
Paecilomyces sinclairii Cho et al. 2002
Aspergillus oryzae Bhargava et al. 2003
Aspergillus oryzae Miiller et al. 2003

Streptomyces olindensis Pamboukian and Facciotti 2005
Tolypocladium inflatum Benchapattarapong et al. 2005
Aspergillus terreus Lopez et al. 2005
Aspergillus sojae Oncul et al. 2007
Aspergillus terreus Gupta et al. 2007
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Figure 3.1 Schematic representation of the interrelations between processes in viscous
fermentation. Adapted from Metz et al. (1979).

In order to examine the influence of morphology on rheology, different
categorizations were done to describe the filamentous fungi complex growth forms. There
are two main growth forms: pellet and dispersed (Lecault et al., 2007; Paul and Thomas,
1996). Although pellet morphology is less viscous (Gbewonyo et al. 1992), the dispersed
form is favoured for cellulase production in 7. reesei (Domingues et al., 2000). The
dispersed form has been classified into 4 categories: unbranched, branched, entangled and
clumped. Clumps represent more than 80% of the morphology for some filamentous fungi
fermentation (Paul and Thomas, 1998) and its morphological properties are used to build
models correlating to viscosity (Tucker and Thomas, 1993; Tucker, 1994; Olsvik et al.,

1993; Olsvik and Kristiansen, 1994; Pamboukian and Facciotti, 2005). Nonetheless, it has
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been shown that clump morphology level dropped in favor of the other three morphologies
during the course of filamentous fermentations (Riley et al., 2000). In such fermentations,
the morphological property used to correlate with viscosity was the weighted average of all
the dispersed classes. On the other hand, rheology of fermentation broth has been studied
extensively (Goudar et al., 1999; Gupta et al., 2007; Mohseni and Allen., 1995; Lopez et
al., 2005; Pamboukian and Facciotti, 2005; Miiller et al., 2003). Fungal broth is typically
non-Newtonian pseudo-plastic and is commonly described by the Power-Law (Ostwald-de
Waele) model. However, for some filamentous fungi, yield stress properties become
important and need to be considered. The yield stress is more adequately described by
either the Casson or the Herschel-Bulkley model (Marten et al., 1996; Pamboukian and
Facciotti, 2005; Lopez et al., 2005; Cho et al., 2002, Badino Jr. et al., 1999; Allen and
Robinson, 1990).

In order to examine the influence of morphology on rheology, different
categorizations were done to describe the filamentous fungi complex growth forms. There
are two main growth forms: pellet and dispersed (Lecault et al., 2007; Paul and Thomas,
1996). Although pellet morphology is less viscous (Gbewonyo et al. 1992), the dispersed
form is favoured for cellulase production in 7. reesei (Domingues et al., 2000). The
dispersed form has been classified into 4 categories: unbranched, branched, entangled and
clumped. Clumps represent more than 80% of the morphology for some filamentous fungi
fermentation (Paul and Thomas, 1998) and its morphological properties are used to build
models correlating to viscosity (Tucker and Thomas, 1993; Tucker, 1994; Olsvik et al.,
1993; Olsvik and Kristiansen, 1994; Pamboukian and Facciotti, 2005). Nonetheless, it has
been shown that clump morphology level dropped in favor of the other three morphologies

during the course of filamentous fermentations (Riley et al., 2000). In such fermentations,
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the morphological property used to correlate with viscosity was the weighted average of all
the dispersed classes. On the other hand, rheology of fermentation broth has been studied
extensively (Goudar et al., 1999; Gupta et al., 2007; Mohseni and Allen., 1995; Lopez et
al., 2005; Pamboukian and Facciotti, 2005; Miiller et al., 2003). Fungal broth is typically
non-Newtonian pseudo-plastic and is commonly described by the Power-Law (Ostwald-de
Waele) model. However, for some filamentous fungi, yield stress properties become
important and need to be considered. The yield stress is more adequately described by
either the Casson or the Herschel-Bulkley model (Marten et al., 1996; Pamboukian and
Facciotti, 2005; Lopez et al., 2005; Cho et al., 2002, Badino Jr. et al., 1999; Allen and
Robinson, 1990).

In the literature, many studies have suggested relating the biomass concentration (X)
and the consistency index (X) of the Power-Law rheological model, in order to develop
correlations for process control or design purposes (Queiroz et al., 1997; Badino Jr. et al.,
1999). Since morphology of the filamentous fungi was seen to influence the fermentation
broth viscosity, some authors suggested the addition of a morphological parameter in the
correlation (Tucker, 1994; Olsvik and Kristiansen, 1994; Riley et al., 2000; Pamboukian
and Facciotti, 2005). Some morphological parameters used to predict the consistency index
are summarized in Table 3.2 (Metz et al., 1979; Olsvik et al., 1993; Mohseni and Allen,
1995; Riley et al., 2000; Pamboukian and Facciotti, 2005). The parameters chosen are
dimensional properties of the filamentous fungi or one of the growth forms, mostly clumps,
that parallel principles discussed in suspension rheology (Macosko, 1994). When the
parameters are introduced in the prediction of the consistency index, the models obtained
are generally expressed in the following form (Riley et al., 2000; Pamboukian and

Facciotti, 2005):
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K =axX"x f(MP) 3.1
where a is a constant, X is the biomass concentration, « is the biomass concentration

exponent, and f{MP) a function of morphological parameters. Few authors have also
discussed the reliability of the model. Riley et al. (2000) made a thorough analysis of every
parameter in the model and studied the prediction of K. In order to study the effect of
biomass, the morphological parameters as described previously by Tucker (1994) were kept
constant. The biomass concentration exponent was found to be relatively constant during a
fermentation run but was found to vary significantly in the range of 0.3 to 3.3 for different
microorganisms (Tucker, 1994; Riley et al., 2000; Gupta et al., 2007; Badino Jr. et al.,
1999; Li et al., 1995; Queiroz et al., 1997).

Table 3.2 List of morphological parameters deemed important in this study.
Morphological

Definitions
Parameters
Ly Mean hyphal diameter
L, Effective mean length or the mean length of the main hyphae
I Mean length of the hyphal growth unit or total mean length per
heu number of growth tips
L Total length of the hyphae
L Dimensionless length (ratio of effective length over diameter)
F Compactness (ratio of the projected area of the hyphae in a
clump to the projected convex area of that clump)
D Mean maximum dimension (ratio of the projected area of the
hyphae in a clump to the projected convex area of that clump)
R Roughness or roundness (perimeterz/ 4 area)
A Mean area

Previous investigations have studied 7. reesei for its ability to produce cellulase
(Mohagheghi et al., 1990, Nidetzky et al., 1994; Maras et al., 1999; Tolan and Foody,
1999). As well, some studies describe the rheology (Marten et al., 1996) and the
morphology (Lecault et al., 2007) of this microorganism. However, there were no attempts

to correlate the rheology to the biomass concentration and the morphology for 7. reesei.

67



This study aims at characterizing the relationship of these morphological parameters for T.
reesei under two agitation mechanisms (stirred tank bioreactor and reciprocating plate

bioreactor) at 4 agitation rates each.

3.3 Materials and Methods

3.3.1 Microorganism Stocks

The cellulase producing filamentous fungi Trichoderma reesei Rut C30 (ATCC
56765) was used to carry out the fermentation runs. The strain was obtained from both
Togen Corporation (Ottawa) and ATCC. Glycerol stocks were made according to ATCC
protocol and maintained at -80°C. Spores from glycerol stocks were transferred to potato
dextrose agar plates and maintained at 28°C for 4 days, until a thick spore lawn was
obtained. The plates were stored, thereafter, in a refrigerator at 4°C, for one month. Then,

the process was repeated to obtain a fresh set of plates.

3.3.2 Culture Conditions

The growth medium was prepared using the concentrations shown in Table 3.3 for
an operating volume of 10 L. The pH was adjusted to 5.5 with 10 N NaOH and 3 mL of
antifoam 204 (Sigma) was added. The corn steep floccules were grinded using a blender
and autoclaved at 130°C for 60 minutes, then mixed with the rest of the medium
components. The bioreactors with medium were sterilized for 30 minutes at 121°C. Feed
solution composed solely of 150 g/L of lactose was autoclaved in a separate container at

121°C for 20 minutes. 500 mL of inoculum was prepared in 1 L Erlenmeyer flask with
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three baffles using the same medium composition as in Table 3.3 and seeded with spores at
a concentration of approximately 5x10° spores/mL. The spores were previously collected
from plates and diluted in sterile water, after which spore concentration was calculated
using a Petroff Hausser counting chamber (Hausser Scientific, Horsham, PA). The flasks
were incubated at 28°C for a period of 55 h shaking at 200 RPM in an orbital shaker

(Model 3535CC Incubator shaker, Lab-Line Instrument Inc., Melrose Park, IL).

Table 3.3 Culture medium composition.
Medium composition’ (g/L)

Glucose 13.0
(NH4),SO4 1.40
KH,PO, 2.00
MgS0O4-7H,0O 0.60
CaCl,-7H,O 0.30
Corn Steep 6.0
FeSO47H,0 0.0050
MnSQO4-H,O 0.0016
ZnSO4~7H20 0.0014
CoCl,-6H,O 0.0020

" Chemicals were ACS reagent grade and purchased from Sigma-Aldrich.

3.3.3 Bioreactor Operating Conditions

Table 3.4 provides the physical characteristics of the two bioreactors as well as the
operating conditions. Batch phase was initiated by inoculating the seed culture into the
bioreactor. The fed-batch phase was started when the initial glucose was consumed. The
feed solution was fed in the bioreactor to keep the dissolved oxygen (DO) level in the
vicinity of 30% of saturation. A feed strategy was adopted in order to accomplish this
control, such that every 20 s, the DO level was measured and the lactose feed flow rate was
manipulated appropriately. When the DO level was above 30% of saturation, a

predetermined amount of lactose solution was fed into the bioreactor, while no solution was
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fed when the level was below 30% of saturation. The amount of lactose solution fed was
manually adjusted throughout the fed-batch phase of the fermentation run. In the same way,
a one-sided pH control was performed by the addition of NH4OH (15% v/v) to maintain pH
at4.5.

Eight fed-batch experiments were carried out in two bioreactors having different
agitation mechanism. Four runs were performed in a stirred tank bioreactor (STB) with
three identical Rushton turbines, mounted on a central shaft and located at 54, 132 and 210
mm when measured from the bottom of the column. The turbines have 6 blades (25 mm
long, 15 mm high and 1.5 mm thick) each mounted on the periphery of a 50 mm diameter
disk. Four additional runs were performed in a reciprocating plate bioreactor (RPB) with
six stainless steel perforated plates (221 mm diameter and 1.25 mm thickness) spaced 50
mm apart from one another. Each plate has perforations 19 mm in diameter which are
distributed on an equilateral triangular pitch. The schematic diagram of both bioreactors is

shown in Figure 3.2 (Gagnon et al., 1998).

3.3.4 Sampling and Analysis

60 mL samples of the fermentation broth were withdrawn at regular intervals of 4-6
h during batch phase and of 12 h during fed-batch. Each sample was divided into portions
for analysis as follows: 15 mL for biomass concentration, 35 mL for rheology, and 1 mL
for image analysis. The biomass concentration was determined by dry weight analysis.
Each sample was filtered through a pre-dried and pre-weighted glass fiber (grade A/E,
Gelman Sciences, MI) and washed with twice the sample volume of deionized distilled
water. The sample was then dried for 24 h at 95°C and incubated in a desiccator for 24 h

after which the weight was measured.
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Figure 3.2 Schematic diagrams of the bioreactors used: (a) RPB and (b) STB

Table 3.4 Bioreactor Operating Conditions and Dimensions.

Reactor Stirred Tank Bioreactor Reciprocating Plate Bioreactor
Agitation Rate 200, 300, 400, 500 (RPM) 0.25, 0.50, 0.75, 1.00 (Hz)
Temperature (°C) 28 28
Aeration Rate (L/min) 10 10
Initial Volume (L) 10 10
Inoculum Size (mL) 500 500
pH controlled 4.5 4.5
DO controlled” (%) 30 30
Total Reactor Volume (L) 22.5 22.5
Operating Volume (L) 17 17
Inner Diameter (mm) 228 228
Column Height (mm) 550 550
4-Baffles (mm) 375(H) x 16(W) x 1(T) -
Agitation Mechanism Rushton Turbines Reciprocating Plates

"The pH was measured in-situ by a pH FermProbe (Broadley-James Corporation, Irvine, CA).

% Dissolved oxygen (DO) was monitored in-situ by a DO sensor (Broadley-James Corporation, Irvine, CA).



3.3.5 Image Analysis

Image analysis was done using a monochrome camera (CoolSnap ES, Roper
Scientific, Tucson, AZ) mounted on an Olympus IX81 microscope (Olympus, Melville,
NY), with an automated stage controlled by the Image-Pro® Plus software (Image-Pro®
Plus version 5.1, Media Cybernetics, Silver Spring, MD). For every sample, several
morphological parameters were measured as described by Lecault et al. (2007) and Choy
(2008) after classification of the morphology into the 4 growth forms of 7. reesei:
unbranched (U), branched (B), entangled (E), and clump (C). The parameters most relevant
to this work are: count, area, box/area ratio, aspect ratio, perimeter, convex perimeter,
perimeter ratio, roundness, dendritic length, viable area, mean diameter, percent viability,
and density (Lecault et al., 2007). The relative amount of morphological types was
calculated by dividing the area of a specific type by the total area for a sample. The
measurement of the viability was done by staining 7. reesei cells with FDA (fluorescein
diacetate) solution. Under fluorescence microscopy, the FDA solution reveals active
mycelia by fluorescing while dead mycelia remain dark.

For modeling, the weighted average of the measured parameters (MP) was
calculated for every sample as follows:

MP =ux MP(U)+bx MP(B) + ex MP(E) + ¢ x MP(C) 3.2
where u, b, e and ¢ are the percentage values of the growth forms, and MP(U), MP(B),

MP(E) and MP(C) are the morphological parameter values associated to each growth form.
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3.3.6 Rheological Measurements

Rheological characterization of the fermentation broth was performed offline using
a rotational rheometer AR G2 (TA Instruments, New Castle, Delaware, United States). The
rheometer was connected to a computer running the AR Instrument Control and Data
Analysis software. The advantage of using this high end rheometer is for its ability to
measure low viscosity fluids (< 1 Pa.s) over a wide range of shear rates (0.1 - 10000 s™") as
well as for the possibility to use different measuring fixtures that are factory calibrated. In
the literature, the geometries typically used to measure viscosity for fermentation broth of
filamentous microorganism are either a vane or a concentric cylinder in a cup (Bhargava et
al., 2003; Hwang et al., 2004; Riley et al, 2000; Lopez et al., 2005; Barnes and Nguyen,
2001; Marten et al., 1996; Goudar et al., 1999; Miiller et al., 2003; Benchapattarapong et
al., 2005). However, these fixtures require a relatively large sample volume which could
limit the number of samples for small volume bioreactors (0.5 — 20 L). Other classes of
fixtures, which require from 10 to 100 times less sample volume than the previously-
mentioned fixtures, are the cone/plate or parallel/plate configurations. They were tested in
this investigation to compare their performance for fermentation broths of filamentous
microorganisms 7. reesei. The latter two fixtures are rarely used for fermentation
filamentous broth (Mohseni et al., 1997; O'Cleirigh et al., 2005; Metz et al., 1979). The
geometries used in this investigation are listed in Table 3.5 with their respective

characteristics and physical dimensions.
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Table 3.5 Description of the geometries used for the rheological characterizations.

: . . Sample
Rotor Stator  Materials Dimensions Volume (mL)
Concentric Cylinder Hard 14 mm inside diameter
(525012 O}(I)l) Cup  Anodized 15 mm outside diameter 19.6
] Aluminum 42 mm in height
Vane Rotor Stainless 14 mm 1ns1f1e d1fc1meter 5
(545025.001) Cup Steel 15 mm outside diameter 28.7
' 42 mm in height
Cone 60 mm diameter
: 0
(516606.901) Plate  Acrylic 2° cone angle 1.98
69 um gap
Parallel Plate i 60 mm diameter
(516600.901) Plate  Acrylic 2 mm gap 3.01

The different geometries presented in Table 3.5 were tested for their ability to
measure fermentation broth rheology of T. reesei. In suspension rheology, the gap between
the rotating head and the stationary side should be at least 10 times larger than the
maximum particle diameter (Brummer, 2006; Schatzmann et al., 2003). Cone and plate
geometry has the advantage of subjecting the sample with a uniform shear rate. However,

typical truncation values for commercially available cone are less than 50 pm, which is not

sufficient to provide clearance for fungi cells of T. reesei of approximately 100 pm. For the
parallel plate geometry, the gap can be easily adjusted to 10 times the particle size.
However, visual observations have highlighted two problems. First, the sample morphology
was altered. As the transparent acrylic parallel plate rotated, the fungi suspension
aggregated and formed thread-like structure. Second, for shear rates higher than 150 s, the
microorganisms were ejected outside the sample enclosure leaving only the liquid portion
of the broth, thus changing sample properties. For these reasons, the use of this category of
geometry was discarded for further rheological measurements on 7. reesei fermentation

broth, further confirming results by Metz et al. (1979).
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A standard protocol was developed to ensure that reproducible results could be
obtained using the concentric cylinder and vane and cup geometries. The concentric
cylinder was favoured over the vane to assess the rheology of the first two to three samples
of the fermentation runs, i.e. when the broth still had properties close to water. As biomass
concentration increased with time, the vane and cup was favoured for measuring viscosity
because this geometry prevented sedimentation and wall slip, while preserving the sample
morphology. All samples used for rheological analysis were maintained at the bioreactor
operating temperature of 28°C. Each sample was pre-sheared for 30 s at 20 s™ to erase any
structural history due to fixture insertion, after which an equilibration was done for 6
minutes. Rheological measurements were performed under controlled shear rate conditions
in the range 1-1000 s™'. Although each sample was tested on the whole shear rate range, the
data used to fit the rheological models were taken only within the valid range. In this
investigation, the valid range corresponds to data having Reynolds numbers less than 10,

the upper limit for laminar flow in the system (Riley et al., 2000).

3.4 Results and Discussion

3.4.1 Rheological Models

Three models are commonly used to fit data of fermentation broth rheology:

Power Law (PL) t=Kp 7" 33
Casson: Jr=fr, K.\ 3.4

Hershel-Bulkley (HB) r=7, +Kyp7" 3.5

Ve
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where tis the shear stress, y the shear rate, n the flow index, K, the power law

consistency index, K, the Casson consistency index, 7, the Casson yield stress, K the
Herschel-Bulkley consistency index, and 7, the Herschel-Bulkley yield stress.

Figure 3.3 shows the fit of the three models to a typical sample from a fermentation
run. Even though the power-law model is the most widely used model to describe the shear
thinning behaviour of a fluid, it does not provide an adequate fit for the fermentation broth
of T. reesei. In contrast, when a yield stress term is included in the model, as in Herschel-
Bulkley and Casson, the models show a better fit with the first model having the best fit.
This is in agreement with the work of Marten et al. (1996). These authors favoured the
Casson model to characterize rheology of their fermentation because it is a two-parameter
model: the Casson viscosity and the Casson yield stress. In the Casson model, the flow
index is fixed at 0.5 and, as a result, this model cannot predict adequately the rheological
behaviour at the beginning of the fermentation run where the broth rheology resembles the
one of water and the flow index is close to unity. On the other hand, the HB model has
three parameters: the consistency index, the flow index, and the yield stress. In this model,
the variation in flow properties is taken into account with the flow index. Thus, the use of
HB is favoured in this investigation because the flow properties of the fermentation change

with time.
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Figure 3.3 Fermentation sample from Stirred Tank Bioreactor at 500 RPM with a biomass
concentration of 20.7 g/L. Measured viscosity versus the shear rate varying from 1 - 1000 s°

! fitted with three theological models: Power-Law, Casson and Herschel- Bulkley.

3.4.2 Biomass of all Fermentation Runs

Fed-batch fermentations of the filamentous fungi 7. reesei were done in two
bioreactors to compare different agitation mechanisms and different agitation rates. All
fermentations were started with the same initial conditions. DO level was monitored and
dropped to 0% during the batch phase for most fermentations. When the initial glucose
substrate was depleted, DO level increased and was maintained at 30% by feeding in
lactose substrate every time DO went above this set point. In the case of 500 RPM, the DO
level never dropped low enough to reach the 30% level. In this case, lactose was overfed to
lower the DO level, resulting in a secondary batch phase. Figures 3.4 and 3.5 show the
biomass concentration for two agitation mechanisms at different agitation rates. It can be

clearly observed that the rate of production of biomass is essentially the same in the batch
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phase for all agitations in both bioreactors, except at 200 RPM in the STB. Also, higher
biomass concentrations are achieved when the agitation rate is increased. The higher

oxygen mass transfer obtained at higher agitation rates led to a greater utilization of the
substrate.
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Figure 3.4 Biomass concentration as a function of fermentation age for different stirred
tank bioreactor speeds: 200, 300, 400 and 500 RPM.
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Figure 3.5 Biomass concentration as a function of fermentation age for different
reciprocating plate bioreactor frequencies: 0.25, 0.50, 0.75 and 1.00 Hz.

3.4.3 Trends in the consistency index for all runs

For all samples taken throughout all experiments, a complete rheological analysis
has been performed. Figures 3.6 and 3.7 show the trends of the Herschel-Bulkley
consistency index parameter K at different agitation rates for the STB and the RPB,
respectively. Akin to the biomass results, the consistency index is visibly dependent on the
agitation rate under which the fermentation was conducted. A similar observation was
made for 7. reesei by Marten et al. (1996). This is indicative of a relationship between
biomass and rheology. Also, Badino Jr. et al. (1999) related the agitation rate to the
consistency index. For both types of agitation systems, the consistency index maximum

peaks occur at earlier times as the agitation rate is increased, which is in accordance with
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the earlier observation on biomass. In the STB at 500 RPM, there are visibly three peaks,
which the second and the third are due to the secondary batch phase discussed earlier.

The values of the Herschel-Bulkley consistency index for both agitation systems
reached a maximum with an approximate value of 0.3 Pa.s”. The Casson viscosities
observed in Marten et al. (1996) for T. reesei peaked at 0.14 Pas'? at biomass
concentration of 24 g/L.. For other fungi, such as Streptomyces olindensis (Pamboukian and
Facciotti, 2005), the Power-Law consistency index reached maximum values of 0.7 and 1.8
Pa.s" for batch and fed-batch, respectively, at biomass concentrations remaining below 8
g/L. In Riley et al. (2000), the Power-Law consistency index for Penicillium chrysogenum
goes up to 4 Pa.s" at biomass concentrations around 25 g/L.. The observed differences in the
reported viscosity for similar biomass concentrations could be the result of differences in
morphologies of various fungi. Moreover, the use of different models and instrumentation

to obtain the viscosity may also contribute to the differences observed.
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Figure 3.6 The Herschel-Bulkley consistency index as a function of fermentation age for
different stirred tank bioreactor fermentations speeds: 200, 300, 400 and 500 RPM.
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Figure 3.7 The Herschel-Bulkley consistency index profiles as a function of fermentation
age for different reciprocating plate bioreactor frequencies: 0.25, 0.50, 0.75 and 1.00 Hz.
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3.4.4 Trends of X, K, n and Yield Stress for one run

Figure 3.8 shows the three parameters of the Herschel-Bulkley model (X, # and )
as a function of fermentation age performed in the STB at 400 RPM. The trends in this
fermentation run are representative of the trends seen in all the other fermentations that
were performed in both bioreactors. The variations of the rheological parameters are typical
of filamentous fungi. At the beginning of the fermentation run where the broth mainly
consists of the original fermentation medium solution with properties close to that of water,
the broth has Newtonian properties with n values close to 1. As the fermentation progresses
and the biomass concentration increases, the fermentation broth becomes non-Newtonian
with shear-thinning (n < 1) and yield stress properties. Both the yield stress and the
consistency index increase and reach a maximum at the end of the batch phase and during
the initial 24 h of the fed-batch phase, respectively. Although biomass continues to
increase, both the yield stress and the consistency index decrease beyond the observed
maximum. Similar results were also reported in the literature for 7. reesei, as well for other
fungi (Marten et al., 1996; Riley et al., 2000; Gupta et al., 2007, Pamboukian and Facciotti,
2005; Pamboukian and Facciotti., 1998; Queiroz et al., 1997; Li et al., 1995). These
parameters are thus dependent on other properties of filamentous fungi such as
morphology. Effectively, near the end of the fermentation run, the filamentous fungi partly
change to spores. The spores have a spherical morphology and display lower viscous flow
properties than the filamentous aggregates thus causing a drop in the consistency index and
the yield stress. In addition, the drop could be due to a structural change in the cells, which
makes them less resistant to shear. This structural change can be the result of a deficiency

in some nutrient essential to a component in its structure. Miiller et al. (2003) modified
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genetically the ability of the fungi Aspergillus oryzae of building a structural component
resulting in the decrease of the broth viscosity. As well, yield stress and consistency index
reach a maximum at different times, indicative that these parameters are partly independent.
The yield stress is possibly dependent on the availability of carbon, while the consistency
index on nutrients that are exhausted during the fed-batch. In an experimental run
performed at 400 RPM (not shown here), nutrients were added when the growth rate
decreased. The Herschel-Bulkley consistency index was observed to increase with biomass
even after the batch phase, while the yield stress peaked at the end of the batch phase and
dropped drastically thereafter.

Moreover, it is important to note that the Herschel-Bulkley consistency index
follows the biomass concentration and increase during the batch phase and the initial
portion of the fed-batch phase. This is indicative that the biomass concentration is initially
the main contributor to the Herschel-Bulkley consistency index. As the biomass
concentration increases, the particle to particle interaction increases, which cause the
Herschel-Bulkley consistency index to increase. Following the maximum observed in the
Herschel-Bulkley consistency index, the consistency index decreases even though the
biomass concentration continues to increase. Figure 3.9 shows the value of X as a function
of the biomass concentration. It is clear that there are different values of K for a same
biomass concentration. This is an indication that, in addition to biomass, other factors affect

the broth consistency index. It is believed that morphology plays a major role.
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Figure 3.8 Biomass concentration, Herschel-Bulkley consistency index, flow index and

yield stress profiles versus fermentation age in the stirred tank bioreactor at 400 RPM.

0.3

0.2 —

X*AxP>OO+C

K (Pa.s")

0.1

X O

200 RPM
300 RPM X
400 RPM

500 RPM o

0.25 Hz
0.50 Hz
0.75 Hz X
1.00 Hz

%O *

% O
€

4 8 12
Biomass Concentration (g/L)

16

20

Figure 3.9 Herschel-Bulkley consistency index versus biomass concentration for
fermentations runs performed in STB (200, 300, 400 and 500 RPM) and RPB (0.25, 0.50,
0.75 and 1.00 Hz).
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The results of Figure 3.9 also show that both K and X are related to agitation.
Indeed, both K and X increase as the agitation increases. For lower agitation rates (200
RPM and 0.25 Hz), the consistency index and the biomass concentration are clustered in
the range of 0-0.1 Pa.s" and 0-6 g/L. For intermediate agitation rates (300 RPM, 0.5 Hz and
0.75 Hz), the ranges increase to 0-0.2 Pa.s" and 0-10 g/L. The ranges expand even further
for higher agitation rates (400 RPM, 500 RPM and 1.00 Hz) to 0-0.3 Pa.s" and 0-20 g/L. In
addition, since different consistency indices have the same biomass concentration, it is
obvious that correlations for predicting K solely based on X would be limited (Riley et al.,
2000; Pamboukian and Facciotti, 2005; Gupta et al., 2007). In addition, Figure 3.9 shows
that the data of the RPB is somewhat separate from the STB data. At high RPB agitation,
lower biomass concentrations give higher consistency index. This confirms again that the
consistency index is also dependent on morphology for T. reesei. The morphology is in turn
influenced by the agitation mechanism and agitation rate (Badino Jr. et al., 1999). Previous
works have shown that the consistency index/biomass relation is strongly influenced by the
specific growth rate, DO tension, and mixing time (Olsvik and Kristiansen, 1994). It can be
noted that, for all the fermentations included in this investigation, all three parameters

varied.

3.4.5 Correlation of K, morphology and X parameters

In previous investigations, the relationship between rheology, morphology and

biomass concentration was studied for different fungi (Riley et al., 2000; Pamboukian and

Facciotti, 2005). The Power-Law consistency index K,, was mainly correlated to some

morphological parameters ( MP ) and the biomass concentration ( X ). In the present work,

the Herschel-Bulkley consistency index was used in the general equation:
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K=X%x f(MP) 3.6
where « is the biomass concentration exponent and f (MP) is a function of a morphological

parameter. Tucker (1994) found that the exponent « was generally constant throughout a

fermentation run. Similar results were found by Riley et al. (2000) and Gupta et al. (2007).

3.4.5.1 Influence of Biomass on rheology parameter

The influence of biomass concentration on the consistency index was studied when

identical morphology prevailed such that the term f (MP) in Equation 3.6 remains

constant. This was done by extracting a large volume of the fermentation broth at a specific
fermentation time which was then used to create broth samples, via centrifugation and
dilution, having a wide range of biomass concentration. Different methods were suggested
in the literature to reconstitute biomass (Mohseni and Allen, 1995). In this investigation,
the biomass was concentrated by centrifugation to give a biomass cake and a supernatant
phase. The cake was diluted to specific biomass concentrations using the supernatant.
Image analysis of the original sample and samples generated by reconstitution was
performed to confirm that the experimental procedure did not alter the morphology and that
it remained constant from sample to sample.

Figure 3.10 shows an example of the consistency index K as a function of the
reconstituted biomass concentration ranging from 0 to 20 g/L. Figure 3.10 is representative
of the remaining tests performed for samples obtained from different fermentation runs and
fermentation times shown in Table 3.6. The relationship between the consistency index and

the biomass concentration corresponds to power-law behaviour. Thus, this confirms that the
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form of the biomass concentration to the power « in Equation 3.6, defined in previous work
(Riley et al., 2000), is also applicable for 7. reesei.

The evaluation of « was done for three fermentation runs, two in STB and one in
RPB, and the results are shown in Table 3.6. For one of the STB runs, the samples were
taken at different fermentation ages, two in the batch phase and three during fed-batch, to
examine the influence of the fermentation age on exponent «. The average value of « for
the biomass concentration experiments was 2.9 with a standard deviation of 0.4 (14%).
Effectively, there are two levels of calculations on the raw data to obtain «. First, the raw
data is measured by the rheometer. The HB model is then fitted to the raw data to find the
HB consistency index K. Second, «is obtained by fitting K-X data to Equation 3.6, where
the function of the morphology parameter is constant.

Replicate rheological tests performed on three samples gave a standard deviation of
1.4% for the estimation of K. In addition, from analysis done on the method for biomass
concentration measurement used in our laboratory, biomass concentrations 1 g/L or less, 1
to 6 g/L, 6 to 15 g/L, 15 g/L and above, gave approximate errors of 10%, 7%, 5%, 3%,
respectively. To examine the impact that the precision on K and X has on the precision in
the determination of «, a Monte Carlo simulation of 100 tests was performed whereby K
and X were corrupted by conservative random Gaussian errors of +2% and +15%,
respectively and « was evaluated for each test. The resulting standard deviation on « was
approximately 27%, whereas the one determined experimentally was 14%. It is clear from
these tests that the measurement of rheological parameters is moderately sensitive to error.
Nevertheless, it is important to measure as accurately as possible rheological parameters

and the biomass concentration.
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Exponent « lies at the higher end of the range of 0.3 to 3.3 found in studies where
biomass concentrations of the fermentation run were correlated directly to the consistency
index K (Tucker, 1994; Riley et al., 2000; Gupta et al., 2007; Badino Jr. et al., 1999; Li et
al., 1995; Queiroz et al., 1997). Exponent « is higher than the value of 2.0 obtained in
similar studies on the influence of biomass under similar morphology by Riley et al. (2000)
and Gupta et al. (2007). However, the average percentage deviation of o, approximately
14%, obtained in this study was the same as the one obtained by Riley et al. (2000).
Although it was suggested that the influence of biomass is constant, the high standard
deviation can be due to the different conditions at which the exponent was evaluated. In
this investigation, it varied from 2.5 to 3.4. Another source of error was the generation of
the range of biomass concentrations. Measurements were taken to examine the rheology for
the range of biomass concentrations as quickly as possible after the sample was taken from
the bioreactor. In order to achieve this objective, the biomass cake obtained by
centrifugation was estimated to have approximately 5% dry solid and 95% water. This
approximation was determined from preliminary laboratory testing and used to dilute the
biomass cake to achieve a targeted biomass concentration range from 0 to 20 g/L which is
representative of biomass concentrations obtained in the fermentation runs of this
investigation. The actual dry weight of reconstructed biomass samples was determined
afterwards. Samples taken during the batch phase had less biomass to recreate the above
concentration range. As a result, for those samples, the biomass concentration range was
decreased due to the limited sample volume. The volume of sample withdrawn was limited
in order to minimize alteration of fermentation conditions, which was particularly

important for samples collected during the batch phase. Another source of variability on «,
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as suggested in the literature, is the potential biomass degradation that can alter filamentous

aggregate interactions and hyphal rigidity (Olsvik and Kristiansen, 1994; Riley et al., 2000;

Gupta et al., 2007).
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Figure 3.10 Herschel-Bulkley consistency index versus reconstituted biomass concentration
from a sample obtained in STB run at 500 RPM and at 63.7 h.
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Table 3.6 Values of exponent a obtained from biomass concentration reconstitution tests.
Two runs were done in STB at two agitations rates and one in RPB. Samples were taken at
different fermentation times for the run at 400 RPM in STB.

Reactor Agitation Rate Fermentation Time (h) «
STB 500 RPM 63.73 2.486
RPB 0.75 Hz 84.47 3.021
STB 400 RPM 15.19 2.558
STB 400 RPM 19.48 3.000
STB 400 RPM 47.74 3.400
STB 400 RPM 60.69 2.485
STB 400 RPM 65.46 3.416

Average 2.909
Standard Deviation  0.408
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Figure 3.11 shows the plot of K/X“ as a function of fermentation age. In the
literature, the ratio K/X“ is called the “morphological factor” or “morphological index”
(Roels et al., 1974; Metz et al., 1979; Olsvik and Kristiansen, 1992). The morphological
factor was found to decline as the fermentation progressed. When the data were analyzed as
a function of the agitation rate, the decline showed a dependence on agitation. For agitation
rates of 300 RPM, 400 RPM, 500 RPM and 1.00 Hz, the plot shows a steep decline at the
beginning of the fermentation. This initial rapidly declining phase is followed by a
moderately constant or slowly declining morphological factor. The trends are similar to
those observed in previous works (Riley et al., 2000; Mishra et al., 2005; Gupta et al.,
2007). However, for the other three agitation rates in RPB (0.25, 0.50 and 0.75 Hz) and the
lowest agitation in STB (200 RPM), a slower decline throughout the fermentation run was
observed. For RPB, the morphological factor shows a dependence on the agitation rate. The
STB run at 200 RPM is the only run noticeably different from the other STB agitations.
This suggests that the morphological factor does not only depend on the agitation rate, but
also, seems to be influenced by the type of mixing mechanism. Additionally, this plot
shows that the morphological factor is not constant and changes throughout the
fermentation run. This explains why relationships based purely on biomass concentration
correlate poorly with the consistency index. Thus, it is crucial to develop a correlation

between a morphological parameter and K/X“.
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Figure 3.11 The morphological factor K/X*° as a function of fermentation age for
fermentations performed in STB (200, 300, 400 and 500 RPM) and RPB (0.25, 0.50, 0.75
and 1.00 Hz).

3.4.5.2 Selection of the morphological parameter

The morphological classes are found to vary throughout the fermentation runs.
Figure 3.12 presents the percentages of unbranched, branched, entangled and clumped
morphological states, based on the projected area, during the fermentation run at 400 RPM
in STB. Similar profiles were obtained in other runs at different agitation speeds in STB
and RPB. Unlike previous work involving other fungi where the clump percentage
remained around 80-90% during the fermentation runs, the clump percentage drops
drastically until clumps completely disappear from the fermentation broth while the freely
dispersed forms increases (Olsvik et al., 1993; Pamboukian and Facciotti, 2005). This

observation is similar to fed-batch fermentation of Penicillium chrysogenum performed by
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Riley et al. (2000). Accordingly, morphological parameters for correlation analysis are
averaged on all morphological classes, as characterized by Equation 3.2.

The morphological parameters required for the correlation of rheology and
morphology corresponds to dimensional properties of the morphological classes of the
fungi. In total, 14, 27, 26 and 26 parameters were used in this investigation to characterize
the unbranched, branched, entangled and clumped morphological forms, respectively.
These parameters were measured according to a standardized protocol as described
previously by Lecault et al. (2007). In order to average the effect of the classes on the
morphological parameters as represented by Equation 3.2, the parameters common to all
morphological forms were selected. Twelve parameters were found common to all
morphological forms. A cross-correlation analysis of these twelve parameters showed that
seven are strongly correlated to the following five parameters: Area, Convex Perimeter,
Roundness, Dendritic Length and Viable Area. These five parameters were therefore
retained to try to establish a correlation to the morphology factor K/X*. The roundness (R)
was found to have the highest correlation to the morphological factor. This finding agrees
with previous works done on filamentous fungi (Olsvik et al., 1993; Tucker and Thomas,
1993). However, the roundness in those studies was only measured for clumps with the
exception of Riley et al. (2000). In their work, the roundness (termed roughness) was
measured on all morphological classes but was not found to have the highest correlation
with the morphological factor. In their case, the maximum dimension and the mean area

were the factors with the highest correlation.

92



100

- —+—— Unbranched
—&—— Branched
80 — ——— Entangled
—— Clump

Percent Unbranched, Branched, Entanglement and Clump

0 20 40 60 80 100
Fermentation Age (h)

Figure 3.12 Percentages of the four morphological classes of 7. reesei (Unbranched,
Branched, Entangled and Clumped) versus fermentation age for the experiment in STB
performed at 400 RPM.

3.4.5.3 Relationship of K/X” and R

Figure 3.13 shows the mean roundness (R) as a function of fermentation age. The
profiles of the curves in STB at 300, 400 and 500 RPM, and in RPB at 0.75 and 1.00 Hz
show an initial steep decline in the first hours of the fermentation followed by a slower
decline during the rest of the fermentation. The profiles at lower agitations exhibit a slower
decline during the fermentation runs. The trends observed are similar to the trends for the
K/X* plot suggesting that a good correlation may exist between these two variables. Table
3.7 shows the parameters of two possible correlations between K/X“ and R. Equation 3.7 is
a linear relationship that was suggested previously in the literature (Olsvik et al., 1993;

Riley et al., 2000), while Equation 3.8 is a power law relation that was used by Tucker and

Thomas (1993).
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Xa

%=ax(R)b 3.8

where a and b are two model parameters. The linear regression based on all STB and RPB
data have very low r* values despite R had the highest correlation between K/X* and all
morphological parameters. This value is statistically too low to be considered as a
significant relationship and a more refined analysis is required. However, Figure 3.14
shows that when batch and fed-batch data points are distinguished on a K/X“R plot, data
clusters can be clearly observed. For the batch phase, the roundness ranges from 12.5 -
37.5, while the range is 12.5 - 22.5 for the fed-batch phase. This suggests that the change in
culture conditions between the batch phase and the fed-batch phase is reflected in

morphological changes that are well characterized by the clusters in the data.

40

—@— 200 RPM
——— 300 RPM
——— 400 RPM
———— 500 RPM
- —=©=-— 025Hz
- —©~~— 050Hz
- —H8-—— 075Hz
————— 1.00 Hz

Roundness

10 { | { | | | l | {
0 50 100 150 200 250
Fermentation Age (h)
Figure 3.13 Mean roundness versus fermentation age for fermentations performed in STB
(200, 300, 400 and 500 RPM) and RPB (0.25, 0.50, 0.75 and 1.00 Hz).

94



Table 3.7 Model parameters of the corresponding equations and the associated 1* values for

different combinations of experimental data.

2

Experimental Data Model a b r
All Runs Eq.3.7  -5.70x10™* 524 x10°  0.294
STB (200, 300, 400, 500 RPM)  Eq.3.7 -3.44x10* 3.79x10°  0.300
RPB (0.25,0.50,0.75,1.00Hz) Eq.3.7 -8.70x10® 6.96x10°  0.325
Batch Eq.3.7 -7.38x10" 533x10° 0292
Batch without first points Eq.3.7 -5.07x10" 3.49x10° 0.628
Fed-batch Eq.3.7 -15.6x10" 11.4x10° 0.489
Fed-batch Eq.3.8 5.08x107"° 6.96 0.594
Fed-batch without 200 RPMrun  Eq.3.8  1.16x10™ 8.22 0.827

The batch phase is plotted separately in Figure 3.15, which gives an r* of 0.292
when a linear regression is considered. Points corresponding to the first sample at time zero
of fermentation runs at the different agitations tested have been plotted with an encircled
symbol. At this point, the amount of biomass and insoluble substrate (CSL) is
approximately 1 g/L for all runs. This concentration results in a very low phase volume at
constant density, which undoubtedly produces very low particle-to-particle interaction. At
such low interaction, the shape of the fungi, thus the roundness, has a very low influence on
the rheological properties of the fluids. In fact, thé theology of those samples exhibited
similar properties as water. In addition, at this sampling time the measurement of
morphological characteristics were prone to higher error due to the presence of corn steep
solids. More importantly, the sample morphology was dictated by the shake flask shear
conditions used to inoculate the culture rather than conditions prevailing within the
bioreactor. In addition, the low concentration of fungi contributes to a larger error in the
results. Thus, it is justifiable to eliminate these points from the regression of the rest of the
batch data, thus giving an r* value of 0.628 (Table 3.7). In this case, the slope is 3.49x107

with an intercept close to zero (-5.07x10™).
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Similarly, Figure 3.16 shows the plot of K/X* versus R for the fed-batch data
separately. A linear regression on the data gives an 1* value of 0.489 (Table 3.7). However,
through visual examination of the data, the power-law model is suggested to characterize
the relationship between K/X* and R for the fed-batch phase, and r increases to 0.594.
Further examination of the data reveals that the encircled data points in Figure 3.16
correspond to the STB at 200 RPM run. As observed above, data at 200 RPM follows a
separate trend than all the other runs. Results of Figure 3.16 further confirm this effect, thus
suggesting the separation of the data from the rest of the runs. The power-law model fit on
the data without the STB at 200 RPM increases the 1* to 0.827. The power-law exponent is
8.22 indicating a very strong influence of the roundness during the fed-batch phase as
opposed to the batch phase. In the case of Olsvik et al. (1993), they used a linear
relationship for a continuous culture of Aspergillus niger, where clump morphology
predominated throughout fermentation. However, Tucker and Thomas (1993) used a
power-law model where the exponent on the roundness was 0.7 for Penicillium
chrysogenum batch fermentation. The differences might be due to both the strains and the
culture conditions which influence the fungi morphology differently, resulting in the

difference in roundness relationship with K/X“.
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Figure 3.14 Morphological factor K/X” versus mean roundness for fermentations in STB
(200, 300, 400 and 500 RPM) and RPB (0.25, 0.50, 0.75 and 1.00 Hz).
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Figure 3.15 Morphological factor K/X“ versus mean roundness for fermentations in batch
phase performed in STB (200, 300, 400 and 500 RPM) and RPB (0.25, 0.50, 0.75 and 1.00
Hz). The encircled data points correspond to samples taken at time 0 h. The first samples
from runs at 0.25 and 0.50 are not presented.
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Figure 3.16 Morphological factor K/X” versus mean roundness for T. reesei fermentations
fed-batch phase data in STB (200, 300, 400 and 500 RPM) and RPB (0.25, 0.50, 0.75 and
1.00 Hz). The encircled data points correspond to samples from fermentation in STB at 200
RPM.

3.4.5.4 Comparison of experimental and predicted K

Figures 3.17 and 3.18 show the parity plots of the predicted K with the values of K
determined from rheological analysis for the batch and fed-batch phases, respectively. It
can be observed that in the batch phase, data scatter is heterogeneous and clustered at the
lower right end of the plot. Examination of the scattered points at the higher and left end of
the plot reveals that they correspond to the last points from the batch phase from runs at
300 RPM, 400 RPM, 500 RPM, 0.5 Hz, 0.75 Hz and 1 Hz. The heterogeneous scatter of the
data can be due to the fast changing conditions occurring in the batch phase of the
fermentation runs. Thus, the linear model to predict K in the batch phase should be used

with caution. In the case of the fed-batch phase, the data is more homogenously scattered
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and is moderately centralized on the diagonal of the plot. Thus, the power-law model in the
fed-batch phase is better able to predict these data. This confirms previous result where a
reasonably high regression coefficient between K/X” and R was obtained for the fed-batch.
The limitations of the predicted consistency index for the batch phase ranges from
agitations at 200-500 RPM in STB and 0.25-1.00 Hz in RPB while excluding samples at
time zero. In the case of the fed-batch phase, the prediction limitation ranges from 300-500
RPM in STB and 0.25-1.00 Hz in RPB.

In a previous study done on Streptomyces olindensis by Pamboukian and Facciotti
(2005), the experimental power-law consistency index was successfully predicted for both
batch and fed-batch runs. The morphological parameter related to the morphological factor
was the average clump dimension. A biomass exponent « was not used and the data was
directly related to the biomass concentration runs. The correlation of the consistency index,
the biomass concentration and the average clump dimension had an r* of 0.94 for which the
parity plot of the predicted vs. the experimental K gave an r? of 0.78. Although this value is
close to our predictions, the model has a smaller range of applicability since only one
agitation rate and one agitation mechanism was evaluated.

In Riley et al. (2000), data from both batch and fed-batch fermentations of
Penicillium chrysogenum at variable agitation rates in two bioreactors were used to develop
correlations. A biomass exponent of 2.0 and a standard deviation 0.3 were calculated and

used to obtain the morphological factor. Although, the exponent value was different than

the one calculated in this work, the percent standard deviation values are close. The
morphological factor was related to the maximum dimension and the mean area with r

values of 0.73 and 0.50, respectively. In their case, the ability of K to predict the
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experimental results was not adequate, whereas showed a good prediction in this work.
Possibly, this is due to the use of a different organism and, here, data was separated

between batch and fed-batch.

3.5 Conclusion

The fermentation broth of 7. reesei was cultured under different agitation rates in a
stirred tank bioreactor and in a reciprocating plate bioreactor. The rheological behaviour
was characterized by using the Herschel-Bulkley rheology model. The consistency index,
the flow index and the yield stress were shown to vary during the course of the
fermentation runs.

Both the biomass concentration and the Herschel-Bulkley consistency index were
shown to be dependent on the agitation rate. When the agitation rate increased, both the
biomass concentration and the consistency index increased. The influence of biomass
concentration and morphology on rheology was studied independently. The effect of
biomass concentration was measured independently of morphology by reconstituting
biomass from selected fermentations into samples of different concentrations. As done in
previous work, the relationship between the biomass concentration and the consistency
index was shown to be a power-law function with a biomass exponent a relatively constant.
An average biomass exponent of 2.9 and a standard deviation of 0.41 were determined. The
use of the average exponent for all the fermentation runs enabled the independent
examination of the influence of the morphology. The plot of the morphological factor K/X“
was shown to vary during the course of the fermentation runs. This shows that the use of
correlations to predict the consistency index based exclusively on biomass concentration

would have inconsistence results.
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Similar to the work of Riley et al. (2000), close examination of the morphological
classes showed that the clump and the dispersed morphologies varied during the course of
the fermentation runs. Therefore, the morphological parameters were based on all the
morphological classes. Several parameters were found to correlate with K/X* and the
roundness was found to have the strongest correlation. Plotting K/X“ against roundness
showed that the batch and fed-batch phases were clustered, leading to the development of
two separate correlations for each phase. The relationship for the batch phase was based on
a linear relationship, while the one for the fed-batch was a power-law. Restriction of the
applicability of the models produced better results. The model during the batch phase was
applicable to all agitations in both reactors without the initial sample. However, the fed-
batch model was not applicable to agitation in STB at 200 rpm. Analysis of the parity plots
of the predicted and the experimental K showed good fit for the models. Considering the
difficulties in measuring mycelial broth rheology, and that an empirical model (i.e., power-
law) has been fitted to highly scattered experimental data, the quality of predictions using
Equations 3.7 and 3.8 is good and we recommended them for estimating the rheological
properties of Trichoderma reesei fermentation broths. These data are useful for design

purposes and production control.
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3.6 Nomenclature

Greek letters
o

N\ N

=

Yus

4

Subscripts
C

HB

PL

y

Symbols

f()

Constant

Constant/ Percentage of branched
Branched morphology class
Percentage of clump

Clump morphology class

Percentage of entangled

Entangled morphology class

Function of a morphological parameter
Herschel-Bulkley

Casson consistency index (Pa.s
HB consistency index (Pa.s")
Power-Law consistency index (Pa.s”)
Morphological parameter

Branched morphological parameter
Clump morphological parameter
Entangled morphological parameter
Unbranched morphological parameter
Flow index (-)

Roundness

Percentage of unbranched
Unbranched morphology class
Biomass concentration (g/L)

0‘5)

Biomass concentration exponent (-)
Shear stress (Pa)
03y

Casson yield stress (Pa
Herschel-Bulkley yield stress (Pa)
Shear rate (s)

Casson
Herschel-Bulkley
Power Law
Yield Stress

Rate
Function
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Chapter 4

Summary and Conclusion

Rheological equipment was carefully selected for the rheology characterization of
T. reesei fermentation broth. Shear rate in bioreactor typically ranges between 1 to 1000 s™.
Both instrument and measuring fixtures were chosen such as the shear rate range was
replicated during measurement conditions. Two rotational rheological instruments were
tested in our laboratory: AntonPaar RheolabQC and TA Instruments AR-G2. A series of
fixtures, which are provided with the instruments, were compared for preventing
sedimentation, wall slip, and having a gap size 10 x the fungi cell aggregates. Owing to the
technological advantages, the TA Instruments AR-G2 outperformed RheolabQC, with the
available fixtures. In addition, cone and plate geometries, which require small sample
volumes, were tested for measuring fermentation broth. However, the fermentation broth
morphology and homogeneity was altered during analysis. Concentric cylinder and vane
fixtures were found to be the most suitable to measure fermentation broth.

Elsewhere, eight fed-batch fermentations runs of 7. reesei were cultured in a stirred
tank bioreactor and in a reciprocating plate bioreactor, at agitation rates of 200, 300, 400,
500 RPM and 0.25, 0.50, 0.75, 1.00 Hz, respectively. Rheology, biomass concentration and
morphology were analyzed for all the fermentation experiments in order to describe the
relationship between them. The Herschel-Bulkley (HB) model had the best fit of the
theological data. The HB consistency index Kpp, flow index and yield stress, as well as

biomass concentration and morphology were shown to vary during the course of the
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fermentation runs. Ky increased with agitation rate, as was seen by Marten et al. (1996) in
T. reesei fermentations. Also, in all runs, Kyp had typically increased during the batch
phase and into the mid fed-batch phase, after which, it decreased although biomass
concentration increased. Similar observations were discussed for other filamentous fungi. It
was suggested that both morphological and biomass concentration changes due to the
experimental conditions influenced Kyp.

The relationship between Kpp, morphology and biomass concentration (X) was
modeled. The influence of biomass concentration and morphology on rheology was studied
independently. This was done by reconstitution of biomass into samples with
concentrations ranging between 1 to 30 g/L. For these samples, morphology was constant.
Ky against X was shown to be a power-law function with a biomass exponent a relatively
constant. The biomass exponent was found to average 2.9 and standard deviation of 0.41.
The use of the average exponent for all the fermentation runs enabled the independent study
of the influence of the morphology. A plot of the morphological factor K/X* varied during
the course of the fermentation runs, thus showing that the use of correlations to predict Ky
based exclusively on X would have inconsistence results. Similar results were obtained by
Riley et al. (2000).

The morphological classes varied during the course of the fermentation runs. The
clump decreased while the dispersed morphologies increased. Thus the average of all
classes was taken to calculate morphological parameters. Roundness was found to have the
strongest correlation with K/X®. Plotting K/X* against roundness showed that the batch and
fed-batch phases were isolated in separate clusters. Therefore, separate relationships for

each phase were found to enhance correlations with K/X®. A linear model described the
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batch phase, while a power-law model described the fed-batch phase. However, the linear
model was limited to batch data excluding sample at time zero. In the case of the power-
law model, fed-batch data from run at 200 RPM was equally excluded. Parity plots of the
predicted and the experimental Kyp showed reasonable fit for the models. Although data
was highly scattered, considering the difficulties in measuring mycelial broth rheology, the
predictions are recommended for estimating the rheological properties of Trichoderma
reesei fermentation broths necessary in bioreactor design optimization and production

control.

4.1 Recommendations

On-line rheological analysis was shown to the work for filamentous fungi
fermentations (Badino Jr et al., 1997). Their statistical analysis showed a decrease in
measurement variability relative to off-line analysis. Samples are immediately analyzed
thus preventing any error due to changes caused by environment outside of the bioreactor.
Also, the advantage of using an on-line rtheometer over off-line instruments is in having
more frequent measurements with no sample size limitations. Thus, a better description of
the fermentation broth rheology can be obtained during the course of a fermentation run.

In order to increase the statistical significance of the correlation models, replicates
of the fermentations runs are highly suggested. With additional data, further analysis of

each agitation runs should be done separately to understand the dynamics of the three

correlated parameters.
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A. Rheometer Specifications

Table A.1 TA Instruments AR-G2 rheometer specifications

Minimum Torque Oscillation Controlled Rate (uN.m)
Minimum Torque Oscillation Controlled Stress (uN.m)
Minimum Torque Steady Controlled Rate (uN.m)
Torque Range Steady Shear Controlled Stress (uUN.m)
Maximum Torque (mN.m)

Torque Resolution (nN.m)

Motor Inertia (UN.m.s)

Angular Velocity Range Controlled Stress (rad/s)
Angular Velocity Range Controlled Rate (rad/s)
Frequency Range (rad/s)

Displacement Resolution (nrad)

Step change in velocity (ms)

Step change in strain (ms)

Direct Strain Control

Thrust Bearing

Normal/Axial Force Range (N)

Smart Swap™

Smart Swap Geometry

Peltier Plate (°C)

Environmental Test Chamber (°C)

ETC Camera Viewer

Concentric Cylinder Peltier Control (°C)

Upper Heated Plate (°C)

Camera Option with Streaming Video and Image Capture

0.003
0.003
0.01
0.01
200
0.1
18
0to 300
1.4x10? to 300
7.5x107 to 628
25
7
30
Standard
Magnetic Bearing
0.005 to 50
Standard
Standard
-40t0 200
- 160 to 600
Optional
-20to0 150
-30to0 150
Optional




B. Fermentation Runs Rheology Parameters and

Biomass Concentration Data

B.1 Stirred Tank Bioreactor Data

Table A.2 Experiment Details: STB12 (200 RPM) 14 March 2007

Shear

Herschel-Bulkley Model

. . Standard
Sal;ple T(llrlr)le Conc:;l/tl;atlon Rl;z:lt;e " Yield El'll';).l' of K/X*!
e (Pas") n Stress it
(Pa)
1 0.00 0.927 6-20 4.797E-04 1.043 0.000 9.619 5.987E-04
2 12.64 0.947 6-20  7.220E-04 1.000 0.000 269.0 8.468E-04
3 23.69 1.321 10-100 2.080E-03 1.000 0.154 140.1 9.264E-04
5 47.57 5.144 1-1000 7.315E-03 1.000 1.024 71.52 6.236E-05
6 60.61 4.154 1-500 4.101E-02 0.829 0.871 6.555 6.514E-04
7 71.51 3.707 1-500 4.500E-02 0.804 0.472 10.23 9.950E-04
8 85.09 4314 1-500 4.369E-02 0.804 0.324 9.248 6.215E-04
9 95.53 4.878 1-500 3.459E-02 0.827 0.294 8.859 3.442E-04
10 108.58 4.094 1-500 4.583E-02 0.787 0.298 9.642 7.592E-04
11 120.66 3.906 1-500 3.204E-02 0.820 0.273 10.38 6.087E-04
12 132.61 5918 1-500 2.964E-02 0.838 0.284 10.52 1.681E-04
13 143.58 6.100 1-300 1.816E-02 0.875 0.245 17.38 9.432E-05
14 156.63 5.962 1-300  1.393E-02 0.892 0.220 17.08 7.733E-05
Table A.3 Experiment Details: STB13 (300 RPM) 27 March 2007
Shear Herschel-Bulkley Model Standard
Sample Time Concentration  Rate - 2.91
# (h) @ Range K Yield  Errorof  K/X
) (Pa.s”) n Stress Fit
(Pa)
1 0.00 0.987 3.5-35 1.117E-03 0.981 0.003 7.115 1.161E-03
2 5.55 1.153 3.5-40 1.482E-03 1.000 0.014 86.077 9.790E-04
3 12.49 2.359 5-200 4.573E-03 0.747 0.145 45.39 3.764E-04
4 16.46 2.968 3-200 2.703E-03 1.000 0.686 143.77 1.141E-04
6 23.39 6.159 1-600 2.263E-02 0.806 1.492 6.385 1.143E-04
7 36.43 5414 1-800 5.894E-02 0.724 1.197 8.100 4.332E-04
8 47.35 7.671 1-600 5.108E-02 0.880 0.443 9.057 1.362E-04
9 60.46 9.123 1-400 1.645E-02 1.000 0.373 9.393 2.649E-05
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Table A.4 Experiment Details: STB16 (500 RPM) 13 April 2007

Shear Herschel-Bulkley Model Standard
Sample Time  Concentration Rate - 2.91
# (h) @n Range K Yield  Errorof KX
e (Pa.s”) n Stress Fit

(Pa)
1 0.00 0.952 3.5-35 1.120E-03 0.981 0.003 9.040 1.291E-03
5 12.75 2.081 3-150  3.990E-03 1.000 0.090 32.650 4.734E-04
9 23.78 4.947 1-700 1.384E-01 0.708 1.366 5.255 1.322E-03
10 28.72 6.552 1-700  1.478E-01 0.705 0.770 8.580 6.236E-04
11 30.09 6.278 1-700  9.355E-02 0.747 0.608 8.617 4.469E-04
12 37.25 9.713 1-700  8.305E-02 0.780 0.703  12.460 1.114E-04
13 47.77 14.453 1-800 1.139E-01 0.782 1.167 13.720  4.811E-05
14 55.07 16.756 1-800 1.152E-01 0.799 1430 12.510 3.165E-05
15 62.00 18.211 1-1000 2.405E-01 0.702 1349 12.190  5.186E-05
16 71.67 17.002 1-1000 1.157E-01 0.811 1.689 13.590  3.047E-05
17 85.67 16.303 1-1000 2.900E-01 0.697 1.163 11.700  8.628E-05
18 94.24 16.385 1-1000 1.021E-01 0.824 1.467 17410  2.993E-05
19 109.76 13.730 1-600 2.878E-02 0.901 0.835 13.580 1.411E-05

Table A.5 Experiment Details: STB17 (400 RPM) 05 May 2007

. Shear Herschel-Bulkley Model Standard
Sample Time Concentration Rate - 291
# (h) @ Range K Yield  Errorof  K/X
") (Pas?) n Stress Fit

(Pa)
1 0.00 0.960 1-30  9.705E-04 0.992 0.004 6.95 1.093E-03
4 13.04 2.424 1-100  4.727E-03 0.851 0.067 38.37 3.596E-04
7 23.81 7.172 1-700  7.677E-02 0.779 0.927 6.649 2.489E-04
8 36.78 8.600 1-800 1.231E-01 0.739 0.709 11.09 2.354E-04
9 47.78 10.467 1-600 7.672E-02 0.775 0.516 10.75 8.285E-05
10 60.81 10.500 1-700 4.672E-02 0.857 0.609 10.38 4.999E-05
12 71.76 13.420 1-700  5.330E-02 0.851 0.482 10.69 2.793E-05
13 84.76 13.565 1-700  3.856E-02 0.889 0.570 7.414 1.958E-05
14 95.76 14.704 1-300 8.143E-03 1.004 0.317 10.41 3.271E-06
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Table A.6 Experiment Details: STB18 (400 RPM) 21 May 2007

Shear

Herschel-Bulkley Model

i : Standard
Sal:ple T(llrll)le Concg/ii;atlon l::z:ltgee " Yield Errqr of K/X>
" (Pas") n Stress Fit
(Pa)
1 0.00 0.960 - - - - - -
2 12.74 0.970 - - - - - -
3 23.64 1.130 10-40 8.040E-04 1.000 0.016 160.745 5.634E-04
4 36.72 2.795 1-100 2.493E-03 1.000 0.094 64.722 1.254E-04
5 40.74 3.895 1-150 2.819E-03 1.066 0.122 11.831  5.399E-05
6 44.16 5.480 1-200 3.346E-02 0.653 0.158 18.000  2.374E-04
7 47.74 6.660 1-600 6.186E-02 0.751 0.514 10.190  2.488E-04
8 60.74 7.625 1-800 1.568E-01 0.720 0.900 9.317 4.255E-04
9 71.60 9.830 1-600 1.007E-01 0.715 0.522 11.050 1.305E-04
10 84.65 11.750 1-800 1.366E-01 0.762 0.789 13.870  1.054E-04
Table A.7 Experiment Details: STB22 (400 RPM) 15 June 2007
. Shear Herschel-Bulkley Model Standard
Sample Time  Concentration Rate - 2.91
# (h) @ Range K Yield  Errorof KX
" (Pas") n Stress Fit
(Pa)
1 0.00 1.040 5-30  9.226E-04 1.000 0.002 9.628 8.231E-04
3 15.96 3.320 1-350  4.992E-02 0.733 0.585 5.261 1.522E-03
4 18.92 4,555 1-600 1.235E-01 0.707 1.390 6.162 1.500E-03
5 23.88 7.340 1-700 2.099E-01 0.680 1.639 5.707 6.364E-04
6 37.47 10.120 1-700 2.808E-01 0.635 0.789 8.512 3.344E-04
7 42.00 10.440 1-700 2.703E-01 0.636 0.737 8.978 2.941E-04
8 47.98 10.680 1-700 3.043E-01 0.640 1.144 12.190 3.099E-04
10 60.93 10.850 1-800 3.084E-01 0.650 1.078 12.440  3.000E-04
12 66.71 12.075 1-800 3.156E-01 0.633 1.148 12.020  2.249E-04
13 71.95 12.875 1-800 4.642E-01 0.600 1.390 9.703 2.744E-04
15 84.93 14.025 1-800 3.895E-01 0.618 1.678 10.660 1.795E-04
17 95.92 13.680 1-800 5.469E-01 0.576 1.508 9.611 2.710E-04
19 108.96 13.800 1-800 4.717E-01 0.597 1.588 9.286 2.279E-04
21 119.90 14.900 1-800 3.966E-01 0.629 1.545 10.300  1.533E-04
23 132.95 16.000 1-800 3.198E-01 0.660 1.262 10.740

1.005E-04
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B.2 Reciprocating Plate Bioreactor Data

Table A.8 Experiment Details: RPB16 (0.25 Hz) 16 March 2007

Shear

Herschel-Bulkley Model

. . Standard
Sal:ple T(lllll;e Concz&;/tll)'atlon I::]t;e " Yield Err or of KX
) (Pas") n Stress Fit
(Pa)
1 0.00 1.077 10-30  1.526E-02 1.000 0.015 726.5 1.230E-02
2 13.00 2.115 5-200  2.214E-03 1.000 0.550 93.5 2.504E-04
3 23.32 3.047 10-200  3.379E-03 1.000 0.574 109.3 1.323E-04
4 36.86 3.826 10-200 2.946E-04 1.000 0.573 3733 5.943E-06
5 48.56 3.800 3-200  3.271E-03 1.000 0.705 646.6 6.731E-05
6 61.61 5.261 1.5-100 2.640E-03 1.000 0.331 107.3 2.108E-05
7 73.27 4.967 1.5-300 1.045E-02 0.944 0.689 29.1 9.869E-05
8 85.52 3.706 1-300  3.735E-02 0.777 0.468 11.8 8.265E-04
9 96.60 4.073 1-300  7.328E-02 0.665 0.357 10.0 1.232E-03
10 109.56 4.000 1-300  6.620E-02 0.661 0.243 8.8 1.173E-03
11 120.31 4.446 1-300  3.821E-02 0.755 0.263 9.4 4.980E-04
12 132.12 4.037 1-300  3.071E-02 0.764 0.209 9.7 5.301E-04
13 143.86 4.608 1-200  2.280E-02 0.789 0.186 9.1 2.678E-04
14 156.84 4211 1-200  1.658E-02 0.825 0.175 8.5 2.531E-04
15 167.16 4.438 1-200  1.039E-02 0.894 0.180 114 1.362E-04
16 180.11 4.280 1-200  6.825E-03 0.954 0.174 8.5 9.933E-05
17 191.05 4.250 1-200  5.042E-03 0.991 0.158 13.7 7.492E-05
18  205.65 4.274 1-200  5.102E-03 1.031 0.140 10.0 7.459E-05
19  215.19 4.225 1-100  4.459E-03 0.947 0.129 18.7 6.741E-05
20 230.96 4.250 1-100  2.715E-03 1.028 0.119 16.6 4.034E-05
21 239.56 4.412 1-100  2.629E-03 1.000 0.115 29.2 3.502E-05
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Table A.9 Experiment Details: RPB18 (0.5 Hz) 31 March 2007

Shear

Herschel-Bulkley Model

. . Standard
Sal;lple T(lllll;e Concg/tl;atlon lgz:lt;e " Yiold Errqr of K/x2!
) (Pa.s") n Stress Fit
(Pa)

1 0 0.968 15-30 - - - 707.1 -

4 13.32 1.803 15-150 1.161E-02 0.892 0.285 68.01 2.091E-03
11 48.75 5.385 1-100  6.971E-02 0.550 0.839 50.41 5.204E-04
12 60.81 4.734 1-400 1.151E-01 0.654 0.536 5.939 1.250E-03
13 71.74 4.545 1-400 1.429E-01 0.622 0.456 6.066 1.746E-03
14 84.84 4.403 1-400 9.815E-02 0.662 0.398 7.02 1.316E-03
15 95.76 4.770 1-400 8.405E-02 0.681 0.359 8.175 8.926E-04
16 108.81 5.973 1-400 7.129E-02 0.719 0.364 12.08 3.936E-04
17 119.72 8.414 1-400 1.196E-01 0.685 0.774 10.27 2.437E-04
18 133.11 6.876 1-400 6.327E-02 0.737 0.677 9.162 2.319E-04

Table A.10 Experiment Details: RPB19 (0.75Hz) 05 May 2007
. ) Shear Herschel-Bulkley Model Standard
Sample Time Concentration Rate - 2.91
# (h) @n Range K Yield  Error of KX
e (Pas”) n Stress Fit
(Pa)

1 0.00 0.967 3-30  1.060E-03 0974 1E-04 1.306 1.170E-03
4 12.73 1.814 1-100 1.147E-02 0.748 0.041 13.940  2.028E-03
5 18.32 2.303 1-100  3.295E-03 1.000 0.106 38950 2.910E-04
6 23.79 4.375 1-100 1.166E-02 0.880 0.521 30.860  1.593E-04
8 36.80 5.383 1-600 1.112E-01 0.705 0.741 5.743 8.307E-04
9 47.74 5.662 1-600 1.609E-01 0.656 0.527 6.342 1.038E-03
10 60.77 6.685 1-400 1.451E-01 0.644 0.390 5.861 5.774E-04
11 71.79 7.016 1-400 8.061E-02 0.711 0.418 8.960 2.787E-04
12 84.77 7.746 1-350 3.895E-02 0.797 0.359 8.766 1.010E-04
13 95.79 8.456 1-300 2.209E-02 0.870 0.330 8.587 4.436E-05
16 107.72 9.563 1-300 1.975E-02 0.886 0.297 7.419 2.774E-05
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Table A.11 Experiment Details: RPB20 (1.0 Hz) 21 May 2007

Shear

Herschel-Bulkley Model

. . Standard
SaI;lple T(lllll)le Concf;l/i;l)'atlon lgz:ltgee " Yield Err or of K/X>!
< (Pas") n Stress Fit
(Pa)
1 0.00 1.17 3-30  9.741E-04 0.995 0.002 4.541 6.221E-04
4 12.77 2.01 3-100 4.377E-03 0.888 0.127 101.9 5.744E-04
5 15.82 2.36 - 2.032E-03 1.000 0.068 - 1.671E-04
6 19.83 3.13 1--80  5.658E-03 0.840 0.084 18.04 2.047E-04
7 23.73 5.00 1-300 3.768E-02 0.760 0.393 7.107 3.490E-04
9 36.78 6.12 1-700 2912E-01 0.635 1.439 6.636 1.498E-03
10 47.73 7.76 1-700 2.295E-01 0.640 0.806 9.85 5.918E-04
11 60.72 10.30 1-700 2.610E-01 0.625 0.938 11.11 2.953E-04
12 71.72 9.24 1-700 2.789E-01 0.610 1.956 29.43 4.328E-04
13 84.70 11.36 1-700 2.033E-01 0.668 0.839 10.97 1.730E-04
14 91.95 14.20 1-600 1.331E-01 0.700 0.854 8.032 5.918E-05
Table A.12 Experiment Details: RPB22 (0.75 Hz) 04 June 2007
Shear Herschel-Bulkley Model Standard
Sample Time Concentration  Rate - 2.91
# (h) (gD Range K Yield Errqr of KX
™ (Pas") n Stress Fit
(Pa)

1 0.00 0.995 8-40 1.309E-03 0.904 0.001 6.214 1.328E-03
2 12.69 1.640 4-50 2.508E-03 0.847 0.005 3.966 5.948E-04
6 36.57 6.517 1-500 9.813E-02 0.716 0.923 9.132 4.205E-04
7 47.40 7.617 1-600 2.705E-01 0.623 1.137 5.364 7.364E-04
9 60.48 8.500 1-600 3.386E-01 0.593 1.332 5.367 6.699E-04
11 71.39 9.250 1-800 2.905E-01 0.635 1.878 8.956 4.494E-04
13 84.47 9.475 1-600 3.281E-01 0.598 1.937 5.203 4.733E-04
15 95.39 9.250 1-700  2.006E-01 0.663 2.187 14.44 3.103E-04
16 110.60 9.925 1-300 4.515E-02 0.732 0.397 11.6 5.691E-05
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C. Experimental Runs Raw Data

121



688900 991 l L0€0 L0€0 688900 €L’y l €980 €€98°0 888900 Lec l €L1¥00 €LL¥0°0
¢60l10 8€°0C S8G°L 989¢€°0 92¢ec’o c60L°0 €8°LS GG’ .60 G650 Z601°0 L€ G8S°L 69900 L2ev0'0
€10 €C [45°R4 L9L¥’0 96910 €10 1ZvS clse L1860 806€°0 €210 €L [45°R4 9¥.90°0 989200
[4 XA Sy've 186°€ ey o LLLL'o €¥.C°0 Ccl'ss 186°€ 69660 0620 €¥.20 99'v 186°¢ Zep80°0 811200
21429 40] G292 LE9 JAZA AV $2GL0°0 9veEY 0 9€'/G €9 8€0’) 9170 9vEY'0 [2°%°] Le9 oFLL0 218100
88890 1662 ol L2vs0 L2¥S0°0 88890 6.°C9 4] ogl’L 9gLl0 88890 6L oL 9¢evL’0 9evL00
260°L ¥6'9¢€ 686Gl 18990 Sigroo c60'L 8£'89 G8'GlL PR AL 508400 c60'L 9l0L G8'sl 2£81°0 651100
€Ll 96°LY Z¢l'se 2980 €S¥E00 €Ll [A*:7A cL'se el 59600 €Ll €L'LL cl'se celeo 6¥¥800°0
[A 744 96'8G 18°6€ 990°L 619200 [4 74 [erArAc] 18'6¢€ 699°L 16100 14784 [4: 545 18°6€ 89¢°0 2€.900°0
[£14°0 4 2G'SL L'€9 99¢€’L 691200 el 454 60'1CL L'€9 6L¢C LLYE00 ey €691 60°€9 €90€°0 ¥581¥00°0
8889 2666 00l 108°L 208100 8889 c9¢slL 0ol eV A4 192200 888’9 cl'8lL [¢]0] 98€€°0 98€€00°0
2601 6€6€1L §'851L 12S¢ 165100 c6°0lL 18°20C G'8SlL 199'C clecoo c601 1112 S'8G1 €205°0 691€00°0
€Ll 5861 A4 16G°€ €vL00 €L 0892 c'lse 8v8'v €61L0°0 €L LL'EY F Al 314 608.L°0 601L€00°0
4 x4 1'68¢ 1'86€ 62¢'s €LEL00 [4 X4 9l'Lig 1'86¢€ €LL9 989100 T4 A 0L 1'86¢€ P6E’L 10S€00°0
ot'ey 98 viv 1€9 8108 9/2100 e %4 ¢0'98S 1€9 9001 65100 or'elr G'est €9 9.2 000
88°89 L1'69/L 0001 v8'EL ¥8€L0°0 6 9|dwes 8889 1£T7.8 0001 8.'Gl 846100 9 sjdwes 88'89 C'CEE 0001 6009 6009000 ¢ 9|dwes
888900 lv'8lL L PeE0 Lpee0 88890°0 yo've I 8¥eEY 0 8¥eEY 0 68890°0 ceL l ¢6eC0'0 ¢6€C00
26010 S¥'0C G8G°L pAS YEET O Z601°0 6.'8¢€ G8G'L 210L0 yrA4 A 26010 c9'0 68671 8LLI00 1602000
€10 90'¥¢C Zls’e LGEV'0 ZeLlL0 €10 16°C¢E cls¢e €965°0 v.1€20 €10 690 4324 #2100 8€6¥00°0
eviTo 2.'8¢ 186°€ 6160 G0EL0 [4 27X AN 90'vS 186°€ 81160 9svZ 0 t47x A 190 186°¢€ €1c100 L¥0€00°0
21429 400] 'Le 60€°9 6950 610600 FAZS A 99'88 €9 09’1 L¥SC0 orey 0 190 60€'9 LLLOO 6S2100°0
88890 12°6€ ol 6.£90 6.€90°0 1889°0 88'¢6 8666 869°L 86910 88890 L0 oL 6€L00 6€100°0
2601 [ 4 G8'GlL LivL0 vLLP00 c60'L 99'8L G8'Gl €<l 96800 c60'L ¢9°0 G8'sl 9ZLL0'0 €012000°0
€Ll 8'cs 1314 ceL60 ¥.8€0°0 LeL'L 9001 CclL'se c8'L crel00 €L’} 0L cl'se €8810°0 16¥.000°0
[A 744 L¥'89 18'6€ pAxANY 801€0°0 14 74 91’66 8'6€ 66.L°L ¢sv00 t4 N4 98°L 18'6¢ 9S€e00 €¥8000°0
eV 918 L'€9 9.6°L 66¥20°0 el 454 98'v6 60°€9 Ll 1122070 14504 cr'e L'€9 121900 6.60000
8889 Li'vLL 00l 690°¢C 690200 6889 3 & 4] 00l cL9') €/910°0 888'9 €9 0oL cvLL’0 crL1000
2601 L'¥S1 G'861 86.°C 992100 c6'01 200l 5’861 288°L 181100 c6°01 G9'¢ClL G'8SlL 68220 1000
€L so'6le Z'se 296'€ 126100 €Ll c9'6clh [AR314 Sye'e ¥£€600°0 €Ll €2'9¢ ¢’'lsc h47A 4] 8881000
v'lT 15'6lLE 1'86€ 8L'S cskio0 [4 X4 c9'691 1'86€ 890°€ 904000 T4 024 G6'LS 1'86¢€ 8v0'L £€£9200°0
I A%4 Le'z8y 1€9 veL's €8€L00 el %4 18°29C L€9 144°24 1191000 or'ey 98'ecl L€9 vee LGS€00°0
88'89 60°908 0001 8Svl 8SY1L0°0 g gduesg 88'89 88°€ES 0001 1G9'6 1596000 G 9|dwes 88'89 P9°CLE 0001 GG9'S 6596000 2 8|dwes
68890°0 £€2°9¢C l iy 0 |5 FA 4] 688900 6699 I L€0’L LEO'L 688900 00 I £€62000°0 €52000°0
2601’0 ¥8°9¢2 G8s’1L 9480 #90€°0 ¢60l°0 S1'0L 8671 692’1 G008°0 Z601°0 €00 4 19¥000'0 90620000
€210 9.'6C 4584 ¢8€S0 €pico €10 6908 clse o'l 1860 €10 900 € 8¥1100°0 25v000°0
eviT o 6vC¢ 186°€ 1/8S0 9.¥L0 (4224 yy'9L 186°€ €8€°1L [FA 20 (A 2X A L0 14 8861000 ¥66¥000°0
vEY'0 €1°9¢ €9 GE€S9'0 9¢€0L'0 SYEV'0 696 80€'9 €S2°1 8120 12940 8L'0 9 6¢Ce00'0  ZL1S0000
88890 VLY oL €6VL°0  €6¥.00 18890 9’8 866'6 2851 28610 88890 620 ol 9€TS00'0  9€25000°0
2601 [1WA4 G8'Gl 9€68°0 98€50°0 ¢60°L 6°001 S8°GlL oy M) ¢sLlo 260°L 8y 0 9l 6098000 Z€¥S000°0
€Ll ¥6'86 Zl’se 990’} 200 €Ll 2866 414 S08°L 881200 eL’l ¢80 joT4 8¥L00 6850000
vil'e 26'9L 18°6¢€ L6€’L G6¥E00 [4 784 LL'26 18°6€ 9G/L'L clvv00 fA 74 eyl ov 95200 ¥¥9000°0
[£14°0 4 2266 1'€9 G6.l'lL ¥¥820°0 1454 [AsA:] 60°€9 €867 606200 ave'v €6¢C €9 18S¥0°0 92,0000
8889 €C6Cl 00l 8€EC 8€€C00 8889 6268 00l S19°1L Sl91L00 888'9 €6°G 0oL 10010 1001000
2601 veLLL G'8slL 660°€ §S610°0 ¢6'0l 1968 §'8GlL 2oL €2¢01L0°0 2601 6v'LL 651 8.0C°0 LLELOO0
€L y8cec c'Lse (4%A4 1/9100 €Ll 9.°0LL fA%r4 €00°¢C 9.6.000 €Ll £9'vC Lse SShy0 ¥..1000
v'ie 88'vEE 1'86€ 1509 125100 ev'le €L°/G1 1'86€ £68°¢C 9912000 [A%4 LE'eS 86¢€ cv96°0 2eyeo00
) %4 5605 1€9 912’6 L9¥10°0 154 ¢e08¢C 1€9 10°'S 9€£0800°0 154 86°0CL L€9 881L¢C 89¥€00°0
88'89 4414 0001 68l 68¥10°0 / 9jduwes 88'89 LG'VES 0001 6996 6996000 ¥ ojdwes 8889 LLLLE 0001 129'S 2295000 | sidweg
s/ped weNr S/} ed s'ed # s/ped weNT S/t ed s‘ed # s/pes wrNt S/1 ed s'ed #
ajes ssans ojed ssals ajel ssau)s
AjoojeA  anbuoy jeayg  Jesys Aisoosip  9jdwes AyoojlepA  enbuoy Jeayg  Jeays £)s008IA oidwesg ApoojppA anbiog Jeayg 1e3yS Apsoosip  9jdweg

WdY 00T 9.LS €1V d19eL

120



68890°0 LG'LL 3 291€0 991€0
26010 vZ'61 Geg’lL 8¥€0 96120
€.1'0 €€0C [43°x4 8.9¢°0 vorLo
ev.iT0 16°L¢C 186°¢ €96€°0 7G660°0
el 23 A ¥6'vC 1€9 LGP0 671200
88890 88'6C oL SovS0 S0¥S00
2¢60°L £€'9¢€ G8'Gl 21690 Lriv0°0
€Ll ey cl'se 5820 LZL€0°0
[A 784 99'€S 18°6€ 90.6°0 8€¥2Z0°0
ey 10'69 1'€9 8ve’L 876100
8889 65°L6 0ol 1991 189100
2601 yATAY S'8S1 viZ¢C SEVLO0
€Ll LLigL [Aer4 9/¢'¢ Y0€L0°0
[A XA 18°G9¢ 1'86€ 608t 802100
ar'ey A A:154 1€9 98G°L 202100
88'89 6G°'Gh. 0001 67’ cl 6vE€L0°0 Z| oidwes
888900 cLT) l €20 L0€20 88890°0 v6'9L 3 €90€°0 €90€°0
26010 8.'¢€l G8S'L 26¥2°0 24810 26010 761 G8g’L 1G€°0 1220
€210 60'S1 2S¢ €220 /8010 €10 €02 [45° N4 6,9€°0 sovL0
[A7xA €2l 186°E€ LL1€0 €800 [47x A0 €6°LC 186°€ 196€°0 £9660°0
g¥eEr 0 98'8l 1€'9 LiveE0 L0¥S0°0 9veEY'0 gL ve g9 LIyP 0 660200
88890 14214 0l €28€°0 #28€0°0 88890 8C°62 ol 96250 962S0°0
260°1 18°€C G8'GlL 90€Y 0 11200 260°L €0'9¢€ G8'Gl 21690 ZLP00
€Ll 96'9C A% 14 9/8%°0 L¥610°0 €Ll 88°Ch cl'se 1S.2.°0 880€0°0
cvLT 8¥'ce 18'6€ G850 9/¥100 47N 6.°CS 18'6€ 8vS6°0 86£20°0
fei44 €9'LY 1'€9 62520 €61L1L00 21204 20'89 1'€9 €T’ G610°0
8889 1698 00} L€0'L L€01L0°0 8889 Z'L6 00l S9'L S910°0
26°0l L0°l8 G'8Gl sovr'lL 926000 26°01 1g'6el G851 12¢ Zevio0
€Ll 28°0¢CL 2'1se 181'¢C 289800°0 [ AN 9.1 2'lse 181L°€ 692100
v LT 26'481 1'86€ 66€°C 8€G6800°0 [4X4 86'86C 1'86€ 89 221100
aF'eEv sG0le 1€9 196 €06800°0 oar'ey gL 00v 1€9 6ve'L 671100
8889 GC6%9 0001 vl LL 21100 1 sidwes 88°89 6.9C. 0001 SLEl SIELO0 1| sidwes
888900 1421 l 8€/2°0 8€/2°0 88890°0 /891 I 1S0€°0 LG0E'0
26010 961 jeicion 12820 8210 26010 £€8'61 S8G°L 98S€°0 €922°0
€210 TAVA [45°x4 €L1LE0 6€Cl’0 €.1°0 {5 74 [43°x4 g6er0 SZ1°0
[A7XAY vZ'6l 186'€ 8¥€'0 L¥.80°0 vieo ge'9C 186°€ 99.¥°0 1611°0
i34 Sv'ie g9 188€°0 151900 el 23 4] 10'62 1€'9 8¥2S 0 21€80°0
88890 VA 74 0l L0¥¥0 L0v1¥0°0 88890 €9'€E ol £809°0 €8090°0
26071 9,12 G8'GlL 2050 891€0°0 260°L 9Ly S8'Sl 62540 S.¥0°0
€1 9lz¢ AR 14 91850 S1€200 €L’} 26'CS 4314 ¢LS6°0 L18€0°0
A 74 86'8€ 18°6€ 1G0.°0 142100 vLe 66'v9 18°6€ 9Ll) €G620°0
ey G6'6Y 1'€9 €060 ¢eEVYLO0 9rev 1928 1'€9 g6v’'L 1€20°0
8889 8029 00} [ AN €12l00 8889 L1'601 ool vi6°L 26100
26°0l 82'S6 S'8Sl €TL') /80100 26°01 ge6vl G'8s1 1042 04100
€Ll [V A4 4 Z'lse £€86°¢C 820100 €Ll G0'80¢C [Aer4 €9/.°¢€ 86¥10°0
A X4 19'612 1'86€ 6'¢ 9616000 [A XA L2°10€ 1'86€ LSY'S LZE10°0
av'ev Sv'ive 1€9 G829 966000 oF'ev LL VoY 1€9 L0¥'8 2eeL0’0
88'89 2€'819 0001 12CL 122100 g1 adwes 88'89 90°€6. 0001 Ve vl YEYLO0 0} 9dwes
s/ped wNT s/L ed s'ed # s/pes wrNTl s/l ed s'ed #
ApgofeA  onbio)l sjesleays ssadis Jeayg  AJISOISIA adweg ApdoA 9nbioy ajeiiesyg ssansteays  AISOISIA ojdweg

WdY 00C 9.1S 1V 9198l

121



888900 €2°/9 I 91z’ 91zt 688900 S0°L I 9/21°0 9/C1°0
12660°0 258 68¢€°1 LS’ 180} 1/560°0 969 68€°L 85210 §5060°0
€€L0 vzzse €61 88yl 90..0 €el’o L9 LE6°L alLLo 6,500
8¥81L°0 88'96 £€89°C esLl’) 2€G9°0 8¥8L°0 ce8 €89C #0510 109500
89520 ¢6'€6 12L°€ 669°L 85610 89520 ¥C6 yXAN LZ91°0 €8¥¥0°0
19G€°0 6£°/6 6.1'G 2oLl LOYE0 896€°0 6801 6.1'S 69610 ¢08€0°0
1S6V°0 81°.6 16171 8S.°1L 13474 8G66%°0 JANAS 1611 2¢0cco 6S0€0°0
88890 v2'101 6666 8’1 810 68890 vO'EL ol 8G€C0 8G€20°0
12660 GL'e0l 68'cl 998°L €VeEL0 12560 [ 41 68l 69520 6¥810°0
€e’L 8G°0LL LE'61 4 9€01L0 €e’tL 1991 Le'6l 910€0 ¢96100
8v8’lL L'ach £€8'9C 18¢°C £€0680°0 8¥8’L (W44 €8°'9¢ L0L¥°0 1€GL0°0
89S¢C [CrAVAS) 82/ £8¥°¢C 199900 896°C €£€'/C 82C'.¢E £¥61°0 9celoo
89G°C 18°vGL 8'lG 108°C 80¥50°0 89G'¢E 1862 61°LS [40)4°N0] €¥010°0
1G6'F 91°'G.L 16°LL 89l°¢ 20vr0'0 856°% €6'€C 16'LL 1E19°0 1258000 888900 Slo l 1692000 /1G9¢00°0
8889 85v0C 001 L'E LE00 888°9 VAN 004 82890 8289000 €.980°0 120 6SC’L 8¥/€000 1/6200°0
1156 (WA 74 ecl vy L12€0°0 1166 €8°cY 6'8El 12610 6045000 ¢601L°0 vZo G8s'L ¥Z¥00°0 26,2000
€€l 82'98¢ 1'€61 8.1°G 289200 €€l 9'69 L'€61 18171 919000 v.EL0 2’0 G66°L 112v00°0 €¥1200°0
8v'8l 6G¥SE €892 viv'9 L6€20°0 8y'8l S9vL £'89¢ Ge’l €€0600°0 €.1°0 ce0 clse 625000 S0€200°0
89'G¢C FA 154 8C.E vi8'L 21200 89°G¢C 12001 8°C.E vigl 998¥00°0 8.LC0 S€°0 c9l’e 8/€900°0 2102000
89°GE 82°2vS 616 6086 ¥6810°0 89'GE 8¢’ vl 6°/1S 999°¢C L¥1500'0 t472xA0 1244 186°€ 2052000 881000
156 GE'€69 L'6LL ysch €v.100 1G'6¥ 88°€EC L'6LL ot 4 8/8500°0 csveo S¥'0 clo’s 2618000 9€9100°0
88'89 G1.'5¥6 0001 LV 1121070 g 9ldweg 88'89 6. ¥8€ 000} 96'9 96900°0 ¢ a|dwes oveEr'0 Gs'o 1€9 166000 1261000
888900 9G'€e I 1090 12090 688900 0L 2 6100 ¥61L0°0 cLyS0 990 £v6L 961100 S0S100°0
126600 [STAVA 68¢°L 6€.9°0 S8¥’0 125600 20’1 68€’) 9€8100 L2EL0’0 88890 L0 ol G6EL00 G6€100°0
€€L0 11°2¢ 1€6°L 82650 20€0 €€1L0 €l L€6°} Ge200 212100 /980 160 6G°ClL L€910°0 €100°0
8¥81°0 LB'EE £€89°C S¥1L90 6220 8¥81°0 65’1 €897 698200 690100 ¢60'L cl’l G8'Gl 820200 621000
19620 82'8¢ 12L€ €269°0 86810 89620 442 8CL'E €82€0°0 808800°0 vi€) cel 66’61 $8€20°0 S6L100°0
19G€°0 69°0% 616 6S€.L°0 Lerlo 895€°0 L) 6.1'S 661€0°0 2219000 €L’} €9l cl'se 9¥620°0 €.1L100°0
85610 [h24 g6l°L 12180 82110 8G66%°0 89} 161°L LEOE0'0 Z2LZv00°0 8.1¢C 10°C c9'lE Zr9e00 2511000
68890 66°GY 4] 81€8°0 81€80°0 88890 L) ol S0Ce00 602€00°0 14784 6v'C 18'6€ 805100 Z¢eLL000
¢.G6°0 6Ly 6¢ct 81610 €S¥50°0 11560 8’1 6°€l FASTAN O N0] L¥€200°0 csv'e € 2108 ¥ZPS0°0 2801000
€€l 2€°8¢ €61 1€69°0 6GE0°0 €e’L €2C LE61 €0¥0°0 /802000 [el450 4 6.°¢€ L'€9 968900 /801000
8¥8’lL 16 £8'9C G80.°0 L¥920°0 214" 85°¢C €8'9C 29%0°0 L¥2100°0 cLy'S €LY €P'6L 655800 8101000
895°C yeo¥ 8C°/€ 962¢.°0 1561070 89S5°C 85°€ e rAVAS 18¥90°0 6€2100°0 8889 c09 001 68010 6801000
895°¢ 8Ly 6.1 69510 19¥10°0 896 6€°S 6.'LG 281600 €88100°0 2.9'8 €L 6°SClL 86€L0 LLL000
1G6'F Se'ey 168°LL 8.0 60100 1S6'¥ Sl 16'LL 9GeL'0 ¥88100°0 ¢6°01 LELL G'8G1 S¥02°0 621000
8889 £8v 001 60180 6018000 8889 9'6 00l 9€/10 9€.1000 v.El S8'91 G661 Lp0E0 12G100°0
1/G6 86°CS 6'8€1 £€8G6°0 2689000 1256 €8l 6'8€L 20520 1081000 €Ll 95'¥C rA5°14 [44440 691000
€€l Sy'eEL 1'€61 62€’L 2889000 €€l 62°0C 1'€6l 19€0 1061000 gl’lc 6.V 29l€ €6290 661000
8¥'8l €16 £'89¢C 9.1 1959000 8v'8l 9/C¢ €'89¢ 92650 6022000 cv'ic 8L'6¥ 1'86€ G688°0 ¥€2200°0
89'6C L'oel 8'C.E [Asl a4 099000 89°6C 16°'6S 8'¢C.¢E LLO'L €14200°0 csve 8169 2’108 Lse’l 16¥200°0
89'GE €026l 6°.L1S [ VA A 90/900°0 89°6E £6'C6 6°LlS 189°1L G¥C€00°0 or'ey 10°96 €9 LEL'L 2512000
1S°6¥% 81'86¢C L6LL €6€°G 61,000 15'6¥% G8'e9l L'6LL ¥96°C 81 1+00°0 cL'YS v'Gel €v6.L 6¥¥'C €80€00°0
88'89 ¥0'0LY 0001 205°8 2058000  9jdwes 88'89 88'80€ 0001 /185G /855000 Z dldweg 8889 20061 0001 LEV'E LEYED0'0 | sjdweg
s/pel WrNw s/| ed s'ed # s/ped wrNw s/l ed s'ed # s/pes W Nw s/L ed s'Bd #
ajed ssaf)s ojel ssals 2jed ssal)s
Ayoojep @nbuo) 122Yg Ieayg fysoosip ajdwes Aioojep anbuo) 1eayg 1eayS ANSOSIA ajdweg Apooep anbuao) 1e0ys 1eaYg fNsoosin adweg

WdY 00¢ 9LS STV 998l

122



888900 |4 WA" I €0 €0
125600 1861 68€°L P6S€0 28520
€€L0 sebe LE6°L 144 AN 18220
8810 86°LC €89C 190S°0 28810
89520 Le'6C 8C.L'¢ 10€S°0 [44 431
89G€°0 1L°0€ 6.1°S G9SS0 v201°0
15670 192¢ 16172 60650 112800
88890 €1°6€ oL €990 €9v90°0
1266°0 S0P 6'¢cl €€€.°0 212500
€€l 8.°8¥ L€61 €288°0 25%0°0
8b8’L £€8'8S €8'9¢C $90°L 996€£0°0
895°C €2'89 8¢'.E veet L1EE00
89G°E ¢l 6l 6.'LS 44" ¥8.20°0
LS6'V 4 A1] 16'LL acl'l 86€20°0
8889 8.'9L1 ool 41°%4 ZL1200
1256 yssrl 6°8€L 2€9¢ 668100
€€l 8'v81 1'€61 pree Z€.100
8b'8l |YAYA Y4 £'89¢ [ 4 €091L0°0
89'GC yZzole 8'¢le 119G G0S1L0°0
89'GE PiN:154 [CWAR] 685, S9¥1L0°0
156V vZ'6.S L'6lL 8v'0l 9svi00
88'89 6. 'v98 0001 y9'SL 95100 g oydweg
888900 €L'6l I L9¥€°0 L9v€0 688900 10°L8 l Sov'L Sov'L
125600 v6l 68¢g’L 60S€°0 92820 126600 cc'LL 68€°L 88¢C’L clc6'0
€el’o 8.6l L€6°L 8/G€°0 €681°0 €EL0 €9'G. €61 89¢’} 980.°0
8v81°0 65°0C €89C €20 88€1°0 8v81°0 Po'LL £€89¢C 9621 €870
89520 gc'eec 82.'¢ 9¢o¥ 0 8010 89620 8v'GL 8cl'e S9E’L €99€°0
896¢€0 €L'€C 8L’ 262v0 /8¢80°0 895€°0 6098 6.1°S 1551 200€°0
156¥%°0 6c'sc 6172 vLSY°0 GG€90°0 1S6¥°0 60'€6 61, ¥89°L [ AY
88890 [4%:14 ol 28050 280500 68890 S00L ol 818’L 81810
14560 SiLze 68'€lL 51850 S8Lv0°0 ¢lS6°0 LLYLL &€l 9/0C v6¥1L0
€e’l 28'GE LE'6L 8¥9°0 96€€0°0 €e’l 298¢l €61 92ee S021L0
8ve’lL v9'8¢ €8'9C 88690 509200 8ve’lL vo'ivl £€8°9¢ 99¢ 716600
896°C so'er 82 .E 98220 680200 895°C 68'¥91 2T AVAS c86°¢C 100800
895 c0s 6.'lS 6,060 €5100 895°€ 9/.'/81 6.°lS 96€°€ 2585900
1S6'Y 88°09 16°'LL L0L°L €610°0 1G6'F ZL'€CT 16°'LL PAZ VN4 €2950°0
888'9 2C'9L 001 6.€°} 6.€100 8889 29692 ool 08t $08¥0°0
1156 12’86 6°8¢€l LLL) 642100 1156 60'vlE 6'8¢€l 189°G 680¥0°0
€€l Lgoel L'E6L 19€C €2210°0 €€l 19'G.€ L'€61 G6.'9 61G€0°0
sv'8l vL'SLL £'89¢ 89l°€ 181100 8’8l I A4 €892 618 €50€0°0
89'SC pXAPA A 8°C.LE [T 4 1511070 89'GC 0SS 8clE 156'6 12920°0
89°GE 69°LEE 6°LLS 666'G 851100 89'GE 12289 6°LLS prCL c0v20'0
1S'6v 10°'8.p PA:1YA 9v9'8 102100 156V L1288 L6l 9661 212200
8889 61L'0LL 0001 €6°€l €6€L0°0 6 sjdwes 8889 6'6.L1 0001 ve'LT y€1L20°0 / 8jdwes
s/ped wNw s/} ed s'ed # s/pes w'Nw s/} ed s'ed #
[STRLIEYN anbioj ajes Jeays .m_wwn__w [STELLEYY aldwesg Ayoojon anbio] ajel Jeays MMN“M [STELEETTN ajdwesg

WdY 00¢ LS 91'V 9198l

123



89°S¢ 8S6LS 6'LIS 8¥°0L ¥20T0°0 vLel peele $'661 9LL'S S6870°0 89°6C £L°¢01 8TLE 9L8'L £0-dE0°S
LS 6V LS6LL L'61L vl 656100 €Ll €LV9E T1sT L6S°9 979200 89°¢¢ P otl 6'LIS L9v'T £0-H9L ¥
88'89 16111 0001 Ly 0T LY0T0'0 6 ojduseg 81T 98°0Cv 791¢ 9L LOVT0°0 LS'6F S6'6L1 L6IL SY&S €0-4ZSV
888900 6V’ 9¢ 1 990 10990 Lt LO'L6Y 1'86¢ 888 1€CC00 88'89 9°65C 0001 969V €0-40L'¥ ¢ ojdureg
1L860°0 STov 6¢'1 £9TL°0 LTTS0 e SEV8S 10§ LS°01 c0dIl'e 888900 £€5°¢ I ¢6£90°0 20-d6£°9
€€1°0 (48 44 1€6°1 86L0 £eI¥°0 ey 61'€0L 1€9 Ll 910200 [L560°0 68'¢ 68¢°1 £V0L0°0 0-dL0°S
8¥81°0 8T'8Y £89°C £EL8°0 §STE0 wvs $8'%98 £V6L 96l 696100 €€1'0 18v 1€6°'1 969800 20-30S'¥
89570 ILYS LTL'e 90660 LS9T0 88'89 €8°¢L01 0001 96l 96100 ¢ adureg 8¥81°0 1454 £89°C ¢8L0°0 20-d26'C
895€£°0 19 6L 91Tl SSIT0 68890°0 LI've 1 €LEVO TLEVO 896C°0 s LTL'E 88060°0 ¢0-avr'e
LS6Y'0 8YV'IL L6l'L £6T'1 96L1°0 1L§60°0 6€°6C 68¢€'1 SIES0 ST8E0 896€°0 Lre 6L1°S 6¥760°0 20-9d6L°1
88890 L9'8L ol €'l €evio £€e1'o 98°ST 1€6°L 8L9¥°0 [ x4 74l LS6V'0 L6V Lel'L $6680°0 ¢0-4ST'1
1,860 LT'88 68°¢l L6S'1 6v11'0 8¥81°0 86T £89'C L99¥°0 [ZAN] 6889°0 ILs ol €€01°0 20-9€0'1
€e'l £001 1e6l1 VI8l L6£60°0 89570 SE'LT 8TL'E LY6¥'0 LTEL0 C¢LS6'0 89¥ o€l €L¥80°0 £0-401°9
8V8'1 8T VIl £8'9C 90T SOLLOO 896£°0 96'1¢ 8I'S 8L50 9LIL'0 €Cl 9 I€61 LSIT°0 €0-366'¢
896°C 95°6¢1 8TLE [4Y &4 8LS90°0 LS6V'0 £0vE L6T'L $S19°0 £5580°0 8¥8'1 9%°L £8°9C L9EL0 £0-301°S
89¢°¢ eEvLl 6L'LS £€Se 880900 68890 8¢ ol CL89°0 L8900 89¢°C 66°6 8T LE L0810 €0-HS8'V
LS6'Y £8°S1T L6'IL vo6'¢ STrs00 1L56°0 (944 68°¢€l 889L°0 £€550°0 895°¢ 10c1 6L'LS €LITO £0-H0C'¥
8889 6°LST 001 S99 €99+0°0 12 868V 1€'61 9880 685100 LS6'Y 63¢l L6'IL €IST0 £0-Ho6v '€
1L§°6 99°'80¢ 6'8¢1 £86°¢ 810¥0°0 8¥8'L €9 £8'9¢ 8TI'L Y0Tvo0 8889 €91 001 6v67°0 €0~966'C
€€l 8ILE L'e6l STL9 £8¥€0°0 89¢°C £8°9L 8T'LE 6¢'l 8TLEOO 1L5°6 99'0T 6'8€1 LELEO €0-469°C
8781 9805V £'89C SSI1'8 $0€0°0 89¢°¢ 818 6L'1S 1231 7962070 £el 8T r'e6l ¥90$°0 £0-429'C
89'ST 81°09¢ 8TLE v1ol ¢0-dTL'T LS6'V 11°¢0l LE'TIL $98°'1 16§20°0 8181 960V £'89C 60¥L0 €0"99L°C
89°S¢ ITLTL 6°LIS L6CT 0$20°0 8889 £8°911 00l €Ire €L120°0 89°SC S¥09 8CLE £60°1 £0-3E6'C
LS 6V LE 176 L6lL €0'L1 99¢T0°0 °Ls'6 LEIYL 6¢l LSS'T 81070 89°¢¢ LE06 6'LIS SE9'1 £0-H91°¢
8889 £0°L6CL 0001 €T 9¥E£T0'0 8 oydureg el £T691 'e6l 190°¢ $8S10°0 10+396'v [S°8¢1 L'6IL 06T €0-d8v'¢
888900 12: 8744 1 91180 91180 8781 V681 £'89C 9TY'e LLTIO0 10+368°9 6L'V1T 0001 $88'¢ £0-H68°¢ t opdureg
TL980°0 658V 65T'1 68.8°0 18690 89°6C [§°0€C 8TLE (184 0-der'l 888900 1244 I £0-H8¢V €0-d8¢'¥y
7601°0 6165 S8S°1 101 ¥$L9°0 89°6¢ EVLLT 6'LIS 810°¢ £0-469°6 1L560°0 sTO 6¢°1 £€0-36S ¥ £0-30¢°¢
vLELO 699§ S66°1 ST0'L 6€16°0 LS 6V SLIEE L6lL 1009 £0-9r€'8 €ero 6C0 1€6°1 £0-HT¢°S €0-99L°C
€L10 £C'T9 [45r4 9TI'l 18¥¥°0 88'89 Y0'80Y 0001 18¢°L £0-d8¢°L 9 ajdureg 8¥81°0 ve0 £89°C €0-4L09 £0-99C°C
8L1T°0 09 ore 9LT'T °Leo 88890°0 £e'8 I 90S1°0 109181 89¢C°0 7o 8TL'E £0-49¢°L €0-HL6'L
LT o 99 186'¢ 1 £10£°0 [L560°0 11 6¢'L 661°0 10-dev'l 896€°0 80 6LI°S €0-dEL'8 £€0-969°L
(49234 879 Clo's 9El'l L9TT0 €ero 601 1€6'1 8610 [0-9€0°L LS6V'0 850 L6l'L 1S010°0 €O-H9Y' L
eV 0 148 2 €9 9I'l 6£81°0 8¥81°0 [N} £89°C £907°0 ¢0-469°L 88890 1.0 01 8T10°0 £0-48C'1
TLYS0 L8'69 ¥6'L ¥9T'1 1651°0 89670 10°¢L LeL'e IL1T0 70-d€8°S 1L56°0 60 68°¢l 199100 €0-30C°1
88890 Y0'6L 8 vl 13 4X1] 896¢°0 811 8IS Iv1T0 0-dely €C'l 1 [eel 891200 €0-9T1°1
1,980 10°58 65Tl 8¢S'1 12210 LS6V'0 6L'11 961°L €E1T0 20-4996'C 8¥8'L 91 £8°9¢ 06200 €0-980'1
60°L LET6 $8°61 [L9°1 ¥$01°0 88890 €01 01 £981°0 20-998°1 89¢°C [ 8T'LE L6£0°0 €0-d.0'1
pLET 6L'L6 S6'61 69L°L €9880°0 1LS6°0 el 68°¢l 16€C0 09Tl 896°¢ o€ 6L'1S 805500 £0-490°1
€L°1 8S¥01 Cr'st 68°1 £620°0 31 65C1 g6l 8LTTO 20-381°1 LS6'V vy LO6'TL £99L00 €0-9L0°1
8L1'C SOVIL w'ie £90°C ¥Zs90°0 8¥8'1 6V 91 £8'9¢ £8670 ¢O-dIl'T 8889 ¥6'S 001 SLOT0 €0-480°L
LT 118 741 [8°6€ wee w9500 89¢°C (4114 8T'LE 9L9¢°0 £0-998°6 1L6°6 LV'8 6'8¢1 1€ST°0 £0-301°1
[49 43 L0'9¢1 cros 19v'C [16%0°0 89¢°¢ Iree 6L'LS ¥06¥°0 €0-dLY 6 [3 8¢l re6l 86870 €0-d8¥'1
IvEY L9181 1'e9 evL'T 8¥EV00 LS6'V 8'T¢ L6'IL £€65°0 £0-IVT'8 8181 ¥8'9C £'89¢C Se8Y°0 €0-dI8'L
Lr's 61781 V6L 6Tt 6v1v0'0 89°ST £L°¢01 8TLE 9.8'1 £0-4€0°S 89'¢T 89 8'TLE ¢808°0 €0-HLL'T
8889 90'90C 001 LeL'e LTLEOO 89°¢¢ P otl 6'LIS Lo¥'T €0-d9L ¥ 89°¢¢ 8TTL 6'LIS LOE'1 €0-H76°C
7L9'8 LV'8¢ET 6'ST1 eIy 9Tre0'0 LS'6V S6°6L1 L6IL Y43 £0-dTS¥ LS6V ¥8°SILI L'6lIL $60°C £0-916C
7601 1L9LT $'8S1 S00'S 8S1£0°0 L, opdureg 88'89 965T 0001 969V £0-40L'¥ ¢ ajdwreg 88'89 95°681 0001 95¢°¢ £0-d49¢'¢ [ ojdweg
s/peJ WNW s/l Bd s'ed # s/ped wrNw N ed s'ed # s/ped wrNw s/l ed s'Bd #
ajel ssai)s 9jel $S31)S oped ssal)s
ANo0dA anbioj ieayg ieayg A)soos|p ajdweg Aoolapn anbuoy Jeayg Ieous ANS09ISIA adweg foolap anbhio} seayg 1eays Apsoosip ajdwesg

WdY 00v 9.LS L1'V Slqel

124



wL't 127473 I8°6¢ 691 9rTr0'0 6010 [X4% 123 65650 9LE0
(4943 117901 cros 616°1 678£0°0 PLETO ITve $66°1 69190 60€°0
12874 SSITI I'€9 661°C S8V£0°0 €L1°0 12243 CIsT 10£9°0 80ST°0
'S 8'6¢l £V 6L 625'C £81£0°0 8L1TO vr'9¢ [4° 13 76590 ¥80C°0
8889 SS9l 0ol (44 Y4 T6T00 wLTo £L'8¢ I86'¢ S00L°0 6SL1°0
7L9'8 Se06l 66Tl 13443 SELTOO (494X vyov s SIELO 910
76°01 [4AX44 $'8¢1 Iv0'¥ 6700 9IEY'0 LTy €9 VELL'O 92T1'0
vLElL L6°€9T §661 SLL'Y £6£70°0 Lvso £6'Sh £ve'L LOE80 9010
£Ll Tvie [ 54 £89°¢ £9220°0 88890 wos ol 61160 611600
8L'IT 8¢'8LE (4153 89 91200 °L98°0 9L9§ 65°C1 LT0'1 SSI80°0
888900 £6'v1 3 LTo LT0 Lt €S 197 1'86¢ 8rt'8 L60T0°0 60°1 69 8¢l [4 ¢ 126L0°0
1L$60°0 68'S1 6¢°1 vL8T0 89070 (4043 6T°L9S 108 9701 0-dsoT VLE'L LU'SL S6°61 9¢'L S1890°0
£ero [A WA 16’1 £E1E0 £091°0 Ity 9v°669 19 9Tl $0020°0 €L 6L°C8 [ANY4 L6V'L 19650°0
87810 61’81 £89°C SYEE0 LYCI0 wvs 11768 £Y6L L1'91 9£0T0°0 8LI'T 6’16 [4°N183 1S9'1 TTso0
89570 el 8TL'E 11s€0 81¥60°0 8889 ¥8°0LLI 0001 8I'IC 811200 €1 Sdureg wL't L1101 18°6€ 8’1 129%0°0
896£°0 LS0T 6L1'S weo £81L0°0 888900 Irie 1 818¢£0 818¢°0 wre 6L VIl cros 9L0'C evivo0
LS6V'0 v6'1C L6T'L 896£°0 v1$S0°0 7L980°0 80'CC 6ST'1 $66£°0 E€LIE0 ey S AUNE 'E9 65€'C PLEDO
88890 SSET ol 65TV°0 6500 601°0 v1'€T S8S°1 S8I¥°0 1970 wy's seevl €6l 10L°C 10¥€0°0
1LS6°0 |24 68¢l 96S1°0 80£€0°0 vLETO £9%C $66'1 SSHy 0 £E€CT0 8889 6l'cLl 001 Sire SIIE00
€e'l 6°LT €61 9%0$°0 ¥1920°0 [YARY 679C (414 SSLY0 £681°0 °L9'8 IS°661 65Tl 609t L98T0°0
8¥8'1 LU'le £8°9C LEISO 101200 8LITO 87'8C o1t SLISO L191°0 601 £V’ Tee S8l voTy £6970°0
89¢°C 943 8T LE £79°0 STLI0O wiTo 0'1e 186'¢€ 11950 60v1°0 L€ L6'TLT s66l (1034 S9¥T00
895°¢ Sy 6L'1S 905L°0 6100 wsreo 134743 oS LTT90 wero €Ll LE0oTE TIsT S6L'S LOETO0
LS6'y 8L'6¥ L6 1L §006°0 12100 9IrEY'0 86'8¢ €9 SO0L'0 LIIT°0 8L'1T £0'18¢ (4183 7689 6L120°0
8889 I8°19 001 SIT'1 8111070 LYS0 13044 £Vo'L 9L08°0 L1010 [44%4 LY’ LSY 1'86¢ SLT8 6L0T0°0
[LS°6 L'6L 6'8¢€1 wr'l 8€010°0 88890 8L°0¢ ol 98160 9816070 [4% %3 SELSS 10§ 8001 20-410°C
£el SE'S01 | 9061 £0-dL8'6 TL98°0 889¢ 65Tl 6201 L1800 1434 oL 1€9 Lzl £1070°0
8¥'81 eyl £'89C ILS°T £0-985°6 60°1 91'¢9 $8°S1 wl'l 807L0°0 wys V688 £V6L 6091 §T0T00
89°¢T 16°¢61 8TLE LOS'E £0-dI¥'6 vLEL SYoL s6'61 PLT1 98£90°0 88'89 8SLYIL 0001 9L0T 9,000 o1 ojdureg
89°¢t 1¥'99¢ 6'LIS 6181 £0-d0t°6 €L 1 Le6L [4 Y4 9Ev'l 9ILS00 888900 69T I 89810 69810
LS'6Y €10V L'6IL 6STL 600100 8LT'C SL68 9'1e €291 E1S0°0 125600 [I're 68¢°1 7950 81010
8889 17°869 0001 £9°CI £9210°0 p1 sjdureg wl't LTT01 18°6¢ S8'1 Ly9v00 £€€1°0 LV €€ 1£6'1 €090 SEIE0
688900 6v'9¢ I 16L¥°0 16L¥0 14943 STLIT ros 121'e 1€CY0°0 81810 6£'St £89°C 10¥9°0 98¢€T0
L9800 w9LT 65T'1 96610 896¢£°0 Plad 'sel I'e9 [ 2444 £L8€00 89570 ST8E 8TL'E 81690 9¢81°0
2601°0 65'8C S8S'1 TLIS0 £9Z€°0 (4749 91951 €6l £8°C £95€0°0 89¢£°0 S9or 6LL'S SEL0 61710
PLET'O e0e S66'L S8¥S°0 6vLT 0 8889 867181 001 ¥8C'¢ ¥8C£0°0 LS6Y 0 11494 Ler'L 97780 evIT0
£LT0 9Tt 4544 SE8S°0 £€TET0 798 LLOIT 66Tl I8t 870£0°0 88890 I3 MEY ol $8760 $8760°0
8L1T°0 1Tyt ore 88190 LS6T0 2601 8L°SYT $'861 vy 08700 1LS6°0 61’65 68°¢l 9L0°L PrLLOO
[47%4u LE9E 186'¢ 6L59°0 £991°0 FLEL 66'88C $661 LTS 9700 (2 I'tL Ie'6l1 (440} 618900
[49% %0 65°6¢ [A1%Y I91L°0 (A4 €LY 143 [A8Y4 LLT'9 65200 8¥8'IL 8668 £8'9¢ 879'1 £9090°0
9Er0 8TtV [€9 678L°0 [A7481] 8LIT vL'80V (4453 £6t’L 8E££T0°0 895°C 79'901 8T'LE 876'1 €LISO0
LS o 8891 £v6'L 8V8°0 89010 [44%4 | EY4 1'86¢ 656’8 §TT00 895°¢ 19921 6L'IS 6CC oo
88890 N8 ol £€76°0 ££760°0 wye $9°609 108 €011 ¢0-90T°C LS6'Y [y L6 1L SEL'T 8¢00
CLI98°0 £e'ss 65Tl 100°1 6¥6L0°0 ey SI'6SL 1£9 €Lel 9L120°0 8889 167781 001 10€°¢ [0£€0°0
60°1 89°09 $8°¢1 860°1 92690°0 wvs 78656 £V6L 9¢'L1 981200 [LS6 69'1TC 6'8¢1 10y 988700
pLE' T 6L'99 S6'61 8071 §5090°0 88°89 L1t 0001 Ww'TT 9vTT00 21 sdureg £el £6'TLT [eel LE6'Y LSSTO0
(A [ AN 74 [48Y4 el 8€€S0°0 688900 6LCE I 1€65°0 £65°0 8V'8I1 £6'0vE £89C L91°9 662700
8LI'T 6878 9°1¢ 6671 1¥L¥0°0 ¢] sidweg L9800 (343 65Tl $685°0 £891°0 01 opdweg 89°'ST SLLEY 8'TLE 816°L 20-d4T1'T 6 djdureg
s/pel wNw s/} ed s'ed # s/pel WwNw EM ed s'ed # s/pel wrNw s/} ed s'ed #
ajel ssals ajes ssalls ajeu ssans
Ayoojan anbio) 1esus 1eays [STELLTTY ajdwes JSTETTEYY anbisot seays 1eays A)SOoSIA ajdweg [STETTEYN anbisoy 180y 1eays FSTELE T ajdweg

Wdd 007 LS 81V 2lqel

125



€Ll €198 Trse 8551 202900 €Ll 60701 Trse T8I0 ¥9¢L00°0
8L1T w696 9'1¢ e€SL'l rss00 8LIT 801 w'le £s61°0 LL1900°0
(474 €8°ET1 18°6¢ 650°C CLISO0 (444 66'C1 18°6¢ 60 6500°0
wsre 69vEl ros 9E¥'T 198+0°0 688900 8¢€°T8 1 o'l oF'1 [49 43 Y961 1ros £8C°0 9%9500°0
IvEY LY ¥S1 1'e9 6L’ 8TY0'0 [L980°0 88 6ST'1 ves'l 8IT'1 IvEr vrLl 1'¢9 SSIE0 1005000
(4529 LY9LL £V'6L wl'e 810¥0°0 7601°0 L8'S8 6861 €651 10-408°6 (45749 86°€C 13 A2 SoTV'0 69€£500°0
8889 6C'C0C 001 659°¢ 659£0°0 PLETO $9'06 S66'1 ¥9'1 10-4CT°8 8889 yL'LT 001 81050 81050070
7L9'8 vT1ET 6'ST1 €81y Tee00 €L10 98'96 [45%4 (47 | 10-486'9 7L9'8 L6TE 65Tl 9650 LELVOO'O
601 £5°¥9T §'861 S8LY 610€0°0 8LIT0 €16 (41 3 $89°1L 10-HE€°¢S 2601 Iy G851 9EVL0 76917000
PLEl 8L'10¢€ §661 651'S 9€LT00 wiLTo SL'L6 186'¢ 89L°1 10-dvv'v yLEl £e'or $'661 £C68°0 <LYP00°0
€LL 14%4% T1sT L9T'9 S6¥T0°0 w6syeo LSV6 clos TIL'1 10-H1v'e €Ll 86765 T1s¢ 8L0°L 62F00°0
8L°1C 8¥'T0¥ 91e 8TL 0€C00 IvEV0 Lo 1£9 6SL'1 10-46L°C 8L°1C 260L 91t €871 LS0V00°0
Lt 60vLiy 1'86¢ SLS'8 yS120°0 LS o €701 evo'L 688’1 10-98€°C wLe ¥9'16 1'86€ 8691 ¥91700°0
[ 4% [AR2Y z'1os (40! 20-dr0'C 88890 ¥L'801 0l L96'1 10-4L6°1 [424) LS'STI 108 1LTT ¢es¥00°0
ey 14435 [€9 ¥l §9610°0 L9800 9L'911 65Tl (484 10-489°1 ey 60°6L1 1€9 Lore 6105000
Lvs 89°5¥8 £V6L [ 39! 926100 60'1 LT6T1 6861 8¢€'T 10-48%°1 (45 49 98°0¥C £Y6L LSE'Y $8¥500°0
88'89 20'CL01 0001 6£°61 6£610°0 11 dpdwreg VLE'T 85TVl S6°6l1 6L5°C 10-46C°1 88'89 YO ¥ve 0001 £€TC9 £€7T900°0 ¢ odureg
888900 1L°TS 1 PES6'0 V€560 €Ll €0°LST [48Y4 8T 10-de1'1 888900 S0 I LS9T00°0 LS9T00°0
L9800 S1'SS 65T'1 9L66'0 ¥T6L'0 8LI'T 86°691 [4NE L90°t C0-H0L'6 L9800 1To 65’1 8¥L£00°0 LL6TO0°0
6010 81°SS S86°1 8660 L6790 WLt 68 V81 18°6¢ yree 20-H0¥'8 2601°0 vTo 6861 ¥rv00°0 ¢6LT00°0
PLET'O 8TYS $66'1 L1860 wor0 wsre Y7961 ros (3% 0-480°L VLET'O ¥To 661 LLTY000 £V1T00°0
€L1°0 S'LS CIsT 01 v o IvEY I'sIc 1'e9 168°¢ ¢0-dL19 €L1°0 €0 [454 6L5000 §0£200°0
8L1T0 LET9 ore [AN! 1s€°0 Ly's 8°S¥T €V'6L vy 20-409°¢ 8LITO SE0 ore 8L£900°0 L10200°0
wLTo 1's9 186'¢ 8LT'T 8S6T°0 8889 y1'9LT 001 S66'v ¢0-H00°S wiTo o 186°¢ 205L00°0 881000
[432%\] 89 C1o's PECT'T (41740 7L9'8 LS 60¢ 6'5C1 665°S c0-dsv'y wreo 340 lo’s L61800°0 9¢9100°0
IrEY'0 6'CL 1€°9 [ 60C°0 7601 1L 1s¢ S'861 9¢9 20410y IrEY'0 $S°0 €9 7166000 1LS100°0
LysSo £5°8L 6L vl 88L1°0 vLEl STEOV S 661 v6T'L w0399t wLYS 0 99°0 €V6'L 9611070 S05100°0
88890 £7'88 ol 91 910 €Ll 109y [ALY4 [44%'] ¢0-dIee 88890 LLo 0l S6E10°0 S6E100°0
7L98°0 6£°S6 65Tl STl ILETO 8L°1T §S'ETS 791¢ Ly'6 20-300°t ¢L98°0 160 65°C1 LE9100 £1000
60’1 8’101 $8°61 9¢8°'[ 8SIT°0 LT Y6'L6S 1'86¢ 801 ¢0-d4TLT 60°1 (4t S8'SI 820200 6LT100°0
VLE'T TL01 S6°61 6E6'L 81L60°0 (4943 8'¢69 108 seTl 70-905°C vLE'T (41 $6'61 8¢£20°0 $61100°0
EL’ 1 88VI1 (4874 8L0T TLT800 1434 9I'LI8 1€9 8LV £vET0'0 €L'1 £9'1 crse 96200 €L1100°0
8L1C 8T'sTl 9'1e 99C°C 991L0°0 Lvs £8'VLO £¥6L €9°L1 f444\] 8LI'C 10T 9'1e Tr9t0°0 ¢S1100°0
[474 LE6EL 18°6¢ 1Z8°C ¢EE90°0 88'89 95'¥811 0001 eV'IT €v1T00 6 9jdweg Wit 6’ 18°6¢ 805¥0°0 ¢e11000
wsre 81651 Zros 6L8'C SYLSOO 688900 90's 1 LY160°0 L¥160°0 (4943 € oS YTrsoo 7801000
IvEY 8EV61 1'e9 9ISt TLSSO0 £L980°0 99 65Tl 8911°0 8LT60°0 VeV 6L°¢ 1'e9 958900 L80100°0
(424 [4%%:144 £r6L el 07500 7601°0 8L9 $86°1 910 SELLOO (1249 €LY £V'6L 655800 8L0100°0
8889 LLT9T 001 €SLY ESLY00 VLET'O ¥e9 $66'1 9110 SPLSO0 8889 209 001 6801°0 6801000
°L9'8 $6°66C 6'§T1 Y44 1€40°0 €L1°0 19 [45%4 8LITO 889¥0°0 °L9'8 €L'L 66Tl 86€1°0 11100°0
601 13423 S'8S1 9619 606£0°0 8L1T0 %9 4183 811°0 £L£0°0 7601 Ie11 S'8SI Sy0T0 621000
L€l 5$°06€ §'661 90°L PSE0°0 wLTo L6'9 186'¢ 9210 991€0°0 yLElL 6891 S661 LY0E 0 LTS100°0
(A 88Evy 1St 620'8 961¢€0°0 [432%Y £6°9 zio's cgI1o 8S€TO0 €Ll 9$'¥T T1sT (44244 69L100°0
8L'1T LT LOS (4213 SLT'6 106200 9IPEY0 16°L €9 evio L97T0°0 8L1T 6L¥t 791t £679°0 6610070
LT L9°98S 1'86¢ 19°01 §9920°0 Lyso 609 eve'L 20110 88€10°0 WLt sT'6v 1'86¢ $688°0 YETTO0°0
[49 23 €E°L89 108 ev'Tl 20-d48¥'C 88890 699 01 11ero 112100 sve 8169 108 IsT1 L6¥200°0
Iv'ey €TCC8 1€9 L8V1 LSETO0 °L98°0 tVL 6S°C1 yrelro 890100 1494 1096 1€9 LEL'L SLT00°0
LS SSY66 £V6L 66°LI1 §92T0°0 760'1 s 5291 89¥1°0 6576000 wLvs 4318 EvoL (244 £80€00°0
8889 86°87C1 0001 (4444 7700 01 ojdueg yLE'T 4% $661 6v91°0 ¥97800°0 g o[dureg 8889 20'061 0001 LEV'E LEVEDO'O [ ojdureg
s/pel wNw s/ ed s'ed # s/ped wrNw s/} ed sed # s/pes WrNWw s/l ed s'ed #
ajes ssans ajeu SS3l)s ajes ssals
fyoopA  anbuol leays  Jeayg Aysoosip ajdwesg Apoolap anbuoy 1eaug 1eayg K)soosin a|dwes Anoopap anbaoy fesys 1esys ANsoasip o|dwesg

WdY 00§ 918 61'V 2lqeL

126



€L 8681 [A8Y4 19¢°¢ 8EEI0
8LI'C 86°60T [4° N1 9TL'E 8LIT°0
(4744 §9°6TC 18°6€ 80 §zo1o
888900 €L'C8 1 96Vl 96¥'1 (4943 (495 74 cros 18¥'v ¥680°0 888900 76'8C I L€TS0 1€2S°0
TL980°0 LO'L8 6ST'1 SLS'I IST'1 eV 60'vLT 1'€9 866V 868L0°0 TL980°0 1443 65C'1 9886°0 9L9%°0
6010 168 3190 § 719’1 L10'1 Ly's §0°90¢ (1472 9¢5°S 696900 601°0 LL9E S86°1 §99°0 961¥°0
YLET'O w06 S66°1 €91 L6180 8889 V6 Eve 001 1229 122900 VLETO Wiy S66'1 86¥L0 86LE0
€L1°0 e (454 891 S0L9°0 798 £1°68¢ 66Tl 8€0°L 16550°0 €L10 9L ¥y [45%4 L6080 £TCE0
8LITO I¥'96 wole YLl SISS0 601 l16’cvy S'8¢1 6208 990500 8L17°0 Y9'LY 4R 91980 STLTO
Wit o 9L 101 186'¢ 181 x4l 4] YLEL 0I1¢ §'661 STT6 £29170°0 wLTo LL'OS 186'¢ £8160 LOETO
[492 40 91801 (4189 956’1 Y06£°0 €Ll 19°06S [ 1Y 8901 £STr0°0 [43 21 8¢S 1o's 6£L6°0 £vo10
IreEr 0 90°SI1 1£°9 180°C 662¢°0 8L'1T ST'889 91€ sv'el LE6LO0 eV 0 60°LS 1€9 £e0'1 LEIT0
wLyso yL'1TIL eve'L TT TLLTO WLt €e118 1'86¢ 89¥1 989¢0°0 TLYS0 9809 £e'L 101'1 98¢1°0
88890 svocl ol 8294 1veTo (423 9T'0L6 108 §S°LT ¢0-30S°¢ 8889°0 6£°'9 01 €811 €811°0
L98°0 80°¢r1 65°C1 LS'T 1v0T0 ey 88'8LII 1€9 e 8¢€0°0 L9830 16'0L 65Tl €871 6101°0
w601 6'8S1 13391 SL8T vI81°0 Lvs [a&444! €roL 60'9C $87¢£0°0 760'1 81'8L ¢8°¢1 viv'l 7T680°0
vLEL 70'L81 661 £8¢°¢ 69170 88'89 £6'9181 0001 98°C¢ 987¢0°0 1 opdureg vLE' 1 6L'L8 S6°61 88671 856L0°0
€L 8¥'61C [4%Y4 L6t 8S1°0 888900 £8°09 1 'l [ €Ll v9'101 [4 Y4 8¢8'1 61€L0°0
8LI'T 0'8¥C 9'1¢ 98Y'v 18400 L9800 6L'C9 65T'1 9ET'l 20670 8L1°C 86811 9'1¢ (4 4 §0890°0
474 L6'SLT 18°6¢ 66t ¥STio 7601°0 LEY9 G861 1’1l 9reEL O WLt 1Leel 18°6¢ 6lv'e §L090°0
sre 96'S0E cros 12329 vO11°0 vLETO 99 S66'1 691'1 9850 14949 8T6vl Z1ros L't LBESO0
ey Love 1'e9 €919 L9L60°0 €LT0 1425 (484 ¥8I'1 CILYO 1494 20°L91 1'€9 120°¢ 88.¥0°0
wy's 9¢'08¢ £v'6L 889 199800 8LIT0 SL69 (4183 9¢'1 66£°0 wv's S1'881 €6l cor'e Y8700
8889 S8°9Ty 001 LL 12LL0°0 LT o 8SVL 186'¢ 6ve'l 68€€°0 8889 [4280Y4 001 £8'¢ £€8€0°0
798 LS 18Y 6'6C1 IL'8 616900 [49 244 708 [4A0XY Isv'l S687°0 98 6L°6£C 6'SC1 LEEY SHPE00
601 Syvs §'861 686 12900 IEY'0 2098 €9 966°1 99T 0 7601 89VLT $'861 896V SEI1E00
vLEL 6919 S'661 9111 765500 TLvsSo 80°C6 €v6'L 999'1 L602°0 vL el 8991¢ §661 8TL'S 12820°0
€Ll £7'E0L 18T 5w §90S0°0 88890 £V'66 01 66L°1 66L1°0 £Ll 89°'L9¢ 18T $9'9 8¥970°0
8L°1¢C L'908 91¢ 65Vl v19v0°0 C¢L98°0 1¥'801 65Tl 196'1 86610 8L°1C L6'1EY 791¢ €18°L 1L¥T0°0
wLe 0'1E6 ['86¢ 891 £TH0°0 760°1 66'0C1 S8'S1 881°C 18¢€1°0 LT LOVIS 1'86¢ 8676 9€€T0°0
[43 %3 18301 108 8961 0-de6't vLE'T YL LEL S6°61 16¥'C [S74%\) [4% 43 96779 10§ LTT1 C0-dSTT
1A% 1T¥6C1 1€9 Iv'€C 1L£0°0 €L’ LT6S1 [48Y4 188°C LYIT0 ey 19°¢9L 1€9 18°¢1 681200
wvs 9L7TLST £P6L Sv'8C 186£0°0 8LI'C 8S°6L1 79'1¢ 11749 LT01°0 wLys 8L'SS6 £¥6L 6TL1 9L1T0°0
88'89 reTsel 0001 [€°S¢E [E€SE0°0 §1 ordureg L't 98861 18°6¢ L6S'E §£060°0 8889 [[ X444\ 0001 [4 44 [4y44i] 1 opdureg
888900 9L I 8¢l 8¢°L wsre 88°0¢C ros S66'€ TL6LOO 888900 v9'LE 1 80890 80890
L9800 1'9L 65C'1 9LE']T £60'1 IvEY 134974 eo (3347 9¢0L0°0 £L980°0 96'8¢ 6sC'1 LYOLO L6850
6010 60'vL 681 el <S80 154 L8VLT €6l [47:34 65790°0 601°0 e6t §8¢°1 [4RVA1] L8YY'0
YLET'O 6v'vL $66'1 LYE'L T5L9°0 8889 90I¢ 001 819°¢ 81950°0 yLETO 17°8¢ $66'1 71690 ¥e0
€L10 SS9L [48%4 8¢l 45334 L8 9°05¢ (374! we9 8¢£050°0 €L1°0 95 0¥ [45%4 9EELO 7620
8L1T0 £6'08 wore Yo'l 629%°0 76'01 10°L6€ 861 181, 1€S¥0°0 8LIT0 wey o9re SE8L0 8LYT0
[477 4] 86'98 186'¢ €LS'] S6L°0 vLEl 88'SSy §661 T8 €eIvoo wLTo SS'LY 186'¢ 1098°0 91Z°0
sreo ¥8¢6 4189 L69'1 L8EED €Ll £0'¥CS T1sT 8LY'6 CLLEQ'O sreo 69°CS 408 £56°0 1061°0
IEY'0 £L°001 1£'9 [44:31 88870 8L°1T 88'909 91t 8601 ILYE00 IEY0 979§ €9 8101 €191°0
[45 4920 81'801 eve'L LS6'1 13 74\ Lt SSIIL 1'86¢ L8] £eCe0o LS 0 w19 £vo'L [4N! 1o
88890 L1911 0l 101°C 1010 (4943 £ELYS 108 €esl 20-d90°¢ 88890 99 0l vel'l 6110
L9830 vZoTl 65°Cl £8C°C Vi8I0 434 65°0€01 1€9 981 ¥S620°0 T7L98°0 £0°69 65Tl 6vT'1 816600
60'1 vl ovl 13391 §E8T 6651°0 Lvs 68°SLT1 13 772 80°€T S0620°0 601 66'CL 8¢l [4! ££80°0
YLE' T 78'C91 S6'61 S¥6'C 9LYT'0 y1 ojdureg 8889 90°'S191 0001 1267 126200 ¢£1 opdureg 175! LS'8L S6°61 1Z¥'1 CiL00 L1 ojdureg
s/pel urNw s/} ed s'ed # s/ped wrNw s/} ed s'ed # s/ped wrNw s/L ed s'ed #
ajel ssans ojel SSoJ)s ojel ssal)s
AoojleA anbuoy jeayg  1eays Ansoasia ajdweg AyoopA  anbuoy leays  esyg Aisoasip adwesg Ayoojapn anbao} Jeays 1eays [STELR T ajdweg

WdY 00§ 41S 0TV °1qe,

127



eL'l SE6ET st (Y44 YTLT'O
8L1C £'89C (413 €S8’ SES10
wL't §9'66C 18'6¢ w's 19¢1°0
888900 919 1 6111 611l sr'e R A%%3 cros 6¥0°9 LOTT°0
L9800 L6'€9 65’1 LS 16160 1234 ¢6'ELE €9 €9L9 cLotro
¢601°0 £9'v9 861 6911 6LELO Ly's 1€0cy £v6L 9L 1L560°0
PLET'O ev'L9 S66'L w1 [488°X1] 8889 [AA7A% 001 I8¢°8 185800
€Lro 16'89 TIs¢T W'l 796¥°0 °L9'8 66'LES 6'STL 1€L°6 €LLOO
8LITO S9EL wre (433 | e1ero 2601 9L°019 <'8St SO'I1 L6900
wiLTo 9T'8L 186'¢€ 91’1 965¢£°0 PLET €969 s661 971 €1€90°0
sreo [44%] z1os 6051 110€°0 €Ll T'66L [A1Y4 Pyl PSLSO0
9veEr 0 IL'68 €9 €791 TLsTo 8L'1C s'1T6 791¢ L991 142500
TLYSO §0'66 ev6'L WLl 95CTO LT 95°6901 1'86¢ se6l 658700
88890 13 440! 421 vE0'T £0T0 (49723 18 %ST1 10s LT C0-HESY
L9830 1'0€l 6571 £€6E'T 6981°0 9'eh £€8°16¥1 1€9 86'9C LLTPO'0
60°1 [4%'32! 861 9897 S691°0 Lvs LY €081 £v6L 9'CE LOIVO0
PLEL Y7891 S6'61 £v0'€ STST'0 8889 §$°9€TC 0001 194014 SYovo0 L1 o[dureg
888900 £6°9¢ 1 80990 8099°0 €Ll 1v'L81 st 6t SEro 88890°0 eS8 I €vs'l (1201
CL980°0 6C°LE 65C'1 YrL90 LSESO 8LI'T L'80T 9'1€ SLL'E Y6110 L9800 998 65C'1 99¢°1 (27488
¢601°0 LS'8€ S8S°1 LL690 00 LT £S1EC 18°6€ 881V Zs01°0 °601°0 128 7% ] 861 (44| £096'0
YLET'O or S66'1 SETL'O 979¢°0 4943 $6'9ST ros 8Y9'v £L760°0 PLEL'O 698 S66'1 19¢°1 €T8L0
€Lro 8v Ty (454 S§89L°0 650£°0 Irev 9§'98C €9 £€81°S 12800 €LT°O L€88 (4594 865°1 £€9€9°0
8LIT0 i (4183 80C80 96570 wv's LS0TE £v6L 86L°S €L00 8LITO 1T°C6 91°¢ 899°1 vLTS0
wwLTo 898t 186'¢ 9088°0 [qr4ail 8889 LY 19¢ 001 €S9 8€690°0 <rLTo 766 186°¢ V6Ll LOSYO
sreo w'zs [41039 SES6'0 €061°0 7L9'8 9T’ 60V 66Tl €ov'L 88500 45494 89'501 (4103 cle’l vI8€0
9EY'0 LS°9§ 1£9 £00°1 910 7601 80°S9% 861 Ziv's 80£50°0 IreEY0 LY'TIL €9 £0°C ¥TTe0
TLYSo 909 €vo'L ¥60'1 LLETO pLEL SSIES S661 S19'6 618700 Lys o L8811 £V6'L ST LOLTO
88890 6T V9 01 £91°1 €9L1'0 €L S§S'0I19 TIse POl 96£¥0°0 88390 €Lt ol €0€°T £0£T0
TL98°0 ¥'89 65Tl LET'T LT860°0 8L'1T $6'S0L 791¢ LLT1 8€01V0°0 TL98°0 96'6¢1 65°CL [439r4 [102°0
760°L 8L 861 8I¢'1 SI€80°0 LT IZ'1Z8 1'86¢ S8l 1€L£0°0 760'1 60'8S1 12291 98'C +081°0
YLE'] IviL S6'61 vl 810L0°0 sre 79696 108 PSLL 20-308'¢ vLE' T L'T81 661 SOE'E 95910
[ €L'T8 Crse 961’1 LS650°0 1494 6£'8911 1€9 AN 14 6¥E£€0°0 €Ll 1'L0T st IrLE 16¥1°0
8LIT 168 79'1€ 719l L6050°0 Lvs oF vt €6l L0°9T 800 8LI'T 6¥'LTT 9'1e 9184 10€1T°0
L'e 8996 18'6¢ 6Ll T6EV0'0 88'89 96'¢€81 0001 LI'EE LTEE00 81 ojdureg L't [ 74 18°6¢ 9ISt vELL'0
1494 ¢6'S01 cros 916’1 £€T8E00 888900 YO'IL L $8C'1 S8C'1 (4343 6'vLT cros £L6'Y 76600
()24 LOLTT 1'¢9 LIT'T 96€£€0°0 TL9800 1€TL 65C'1 80¢°1 60’1 i1 £7'50¢ 1’9 sTs's 96L80°0
Ly's 8y'0¢€l £v'6L 9¢'C 1L6T0°0 <601°0 19°6L 861 89¢'L £98°0 wuv's 95 1vE £voL 8L1'9 SLLLOO
8889 96’971 001 89T 869700 YLET'O 2008 S66'1 Lyl YSTL0 8889 9T18E 001 $6'9 £690°0
7L9'8 vSLI1 6'ST1 €0’ LO¥T00 €LT0 018 TIST 41 §09°0 L9 YO'SEY 6'SCl 698°L $T90°0
7601 241! §'8¢t 66V'¢ 802700 8L1T0 ¥8°L8 m9r'e 6861 2050 2601 Y9'56¥ S'8¢1 $96'8 £S950°0
pLEl SI'LTT S661 601t 650700 TLTo 8¢°€6 186'¢ 6891 evero PLET L'L9S §661 LT01 91500
€Lt 1$°69C C'1sT SL8'Y [¥610°0 sHeE0 15001 41039 8I8'I LT9E0 €Ll £0'vS9 1St €8°11 1LP0°0
8L1T 16¥Ce T91¢ LL®'S 368100 12344 81601 1€9 SL6'1 £Ieo 8L'1IT €96L 791¢ 89°¢1 9TEV00
e 1 66¢ 1'86¢ 61TL €1810°0 LS o Y6611 £ve'L 691'C 1€LT0 LT 88088 1'86€ £6'S1 00070
4543 P L8y 108 1188 20-H9L°1L 88890 129¢1 0l yor'T ¥orTo (6543 €6°L€01 108 LL81 c0-asL’e
4374 8L'119 1€9 LOTI PSLIO0 <L98°0 64651 65Tl 68°C 96TT0 1A% 4 x4 741 1€9 13 444 96S€0°0
Lvs Y9'9LL £¥6L 141 89L10°0 601 68°681 S8'¢I 98¢ [44 K4 wLys 187181 €6l 9¢°LT [9243000)
8889 €0'L101 0001 ¥'81 ¥810°0 61 djdureg pLE'l 1'€1 S661 €68'¢ ¢e61°0 L1 djdureg 88'89 1L°9681 0001 1€v¢ 1400 91 ojduteg
s/pel WNwW s/L ed s'ed # s/ped wrNw s/l ed s'ed # s/pel wNw s/l ed s'ed #
ajeu sSal)s ajel ssal)s ojel ssan)s
AyoopA  enbio) jeoys  Jesys A)soosip odweg AyodoeA enbao) 1eays 1eayg Ajsoosip aidwesg JMTETIEYY anbio] 1eayg 1e0uS ANsoosIp ajdweg

WdY 00§ 1S 1TV dIqeL

128



£8890°0 A 74 1 yivro vivy o 88890°0 Ll 1 pSIe0 10-991°¢€ 888900 S0'9¢ 1 259'0 10-92$9
6010 8L°ST 681 €991°0 670 6010 10T 861 Yr9€°0 10-90€°C 7601°0 L9YS 8¢l 68860 10-9+7'9
€L1°0 809C (454 LILVO 8L81°0 ¢Lro 1L81 [41 Y4 S8EE0 10-AsE'T €L1°0 97T 48 %4 L80V'0 10-9¢9°'1
wiTo cL'8T I86°€ 76150 [uANI] €PLTO 80T I86'C 9LE0 ¢0-dSY'6 LT o wve 186'€ 92790 10-495°1
IvEP'0 60ve 60£°9 99190 €LL60°0 9PEY'0 90T 60€°9 9ZLED 0-d16°S IvEY'0 (4847 60€'9 1860 10-34T°1
88890 69°0¥ (421 9€L’0 9¢£L00 68890 el 0l €1SE0 0-dIS'E 68890 vL9¢ 0l 9990 20-459'9
7601 LT9Y 861 69¢8°0 82500 760°1 881 e8¢l [423%4] C0HITT 601 1L°9¢ 8¢l 1¥99°0 [tk (7
eL'l 88°7S [A8Y4 9560 808€0°0 €L'1 9L61 [4ARY4 YLSEO 04yl el YT 9¢ ase 66590 ¢0-H19C
L't 6979 18°6¢ PET'L 818700 L't [4 24 18°6€ LTvo 20-9L0°1 ThL't 80°LE 18°6¢ LOL9O 20-369°1
ey 6L'€8 1'¢9 9IS’ wrzo0 IEY 78'ST 1'€9 1L9%°0 €0-d0v'L ey vL6E 1'€9 L8ILO 0-arv1'l
8889 1€°801 001 656'1 656100 888°9 [4: 323 001 L1£90 €0-9T€°9 8889 sy 001 £0L8°0 €0-H0L'8
601 8¢'8€1 [Sh9 £05'T 6LS10°0 601 s '8¢t 70€6°0 €0-HLY'S 601 V9 $'8sl STl €0-HSEL
€L 90'8L1 1St 1cce 204871 €Ll LULL ISt SoP'1 €0-H09°S €Ll 7768 71sT 19’1 €0-HEV9
LT 88°¢€YT 1'86¢ [R047 801100 LT 9¢LIT 1'86¢ £€C1'T €0-IEE'S WLt 96'€T1 1'86¢ wee €0-HE9'S
9'EY L§99¢ 1€9 £99 1S010°0 I a%4 69'90C 1€9 6EL'E €0-IE6'S Ity S6'¥0T 1€9 LOL'E £0-H88°S
8889 L0819 0001 8I'TI 811100 6 ddureg 88'89 £8°66¢€ 0001 or'L €0-491°L 9 ojdureg 8889 ey 0001 869°L €0-499°L ¢ djdureg
888900 16°8Z I LSIS0 LSISO 888900 9L'9T 1 1¥8¥°0 810 888900 8C'1T 1 8¥8¢°0 10-H$8°¢
7601°0 6Z S8S°1 9¥7S 0 1£€°0 6010 wee [S:1 1 9090 SI8€0 601°0 18°€T S8¢6°1 LOEY 0 10-9¢L'C
[¥AN] wst ClsT 6150 890T°0 ¢Lro 98'LE ISt LY89°0 9TLT O €LT0 €0'¢ee TSz VL6500 [0-48¢€T
LT o 8€°6C 186'¢ v1£S0 SEEl o wwLiTo 1S°6€ 186'¢ (4 VAV S6L1°0 LT o LT0E 186'¢ 9LYS 0 10-48€'1
eV 0 vLee 1€°9 70190 £L960°0 LYEY'0 96'0% 1€9 60vL0 YLIT'O i34yl ¥9'1E 60€'9 YTLS O ¢0-HLO'6
88890 sTov ol 8ZL'0 8¢L00 L8890 €LY 6666 580 €S¥80°0 88890 LY'Te 6666 7L8SO 20-HL8'S
601 6C'LY 861 $SS80 86¢£S0°0 T60'1 [ 444 [$: 29 8L9L°0 S¥8Y0°0 160°1 6I'vE 8¢l 68190 20-H06'¢
€Ll [ 539 [48Y4 §096°0 ¥T8€0°0 €Ll LLYY [4 74 6608°0 ¥TTe00 €Ll 1§°2¢ sz 8850 20-dv€T
wL'e €09 18°6¢ P60l 6VLT00 L't ey 18°6¢ ¥S8L°0 €L610°0 hL't wse 18°6¢ LO¥9°0 ¢0-H19'L
ey 6 €L 1'e9 LEE'L ZIeoo 2% % 8Lvv ['€9 180 ¥8Z10°0 1297 9t 1'€9 1690 ¢0-3v0'1
8889 65001 001 8’1 8100 8889 €605 001 €176'0 €O-HIT6 8889 6°6¢ 001 LITLO €0-HTTL
2601 19'C€l 861 66€'C €IS10°0 601 £€8'¢L ¢'8s1 See'l €0-dEY'8 601 L1'TS '8¢l LEV6'0 €0-HS6'S
€Ll SOLLT [A8Y4 wTe SLTI00 €Ll 1§01 71sT S8l €0-H8¢'L €Ll 6889 T1sT Svel £0-H96 v
LT 91Tt 1'86¢ 8€Y 110°0 LT SELYI 1'86€ §99°C €0-40L'9 LT v6'S11 1'86¢ L60°C €0-HLT'S
ey 66'SSE 1€9 6Ev'9 120100 9v'ev 8¢¢ 1€9 SOE'Y €0-978°9 9'EY 10'S0T 1€9 80L°¢E £0-H88°S
88'89 w6109 0001 6801 680100 g oduweg 88'89 9T 65 0001 L0€'8 €0-H1€°8 ¢ opdweg 88'89 £8'T0F 0001 98T'L €0-46T'L 7 ddureg
688900 10Z¢ 1 6L50 10-36L°S 888900 SY'IT I 88€°0 10-488°¢ 888900 e 1 ¢0-H91°9 ¢0-H91°9
¢601°0 (4233 6861 w90 10-9L0'Y 26010 ¥'1T 861 TL8E0 10-9v¥'T 2601°0 1334 8¢l 20-99T°Y 20-469'C
€LT0 Ie°Le (484 6¥L9°0 10-369°C €LT°0 99T (454 80 10-926°1 €L10 LT TisT 016y 20-456'1
LT o 13423 186'¢ LTT90 10-H9¢°1 Wit o LE'8T 186'¢ IE€1S°0 10-967°1 [4 7% 4] wy 186'¢ 20-av9'L ¢0-d26°1
LYEY'0 LYY 1€9 1608°0 10-98Z°1 LyEvo 9¢°ST 11€9 L8SY0 C0-ALT L IveEY0 LT 60€'9 20~H06'v €0HLLL
88890 3834 ol SELY0 0-ayL's 68890 12243 18 99790 20-dLT 9 88890 w1 0l 20-AIT°E €0-dIT°E
60t €S1S [S: 391 €60 0-H88'¢S 760'1 pL0€ [ 391 9650 0-d1s'e 601 L1 8¢l C0-FALO'E €0-av6'1
€Ll j24&4S [ANY4 S8V6°0 20-d8L°€ €Ll 6TCE (4874 ¥85°0 0-d€E°C €L1 9’1 484 786200 €0-361°1
[4 74 $9¢ 18'6¢ €20'1 CO-HLS T LT LT'TE 18°6€ LE9S0 Ayl WLt 6T 18'6€ €EV00 £0-360'1
ey 99 1'e9 691'L C0-ds8'1 ey $6'67 1'e9 81¥S°0 €0-H65°8 1294 66'€ 1'€9 yTeLoo €0-dST'1L
8889 86'9L 001 el 20-d6¢°1 8889 £E'sE 001 6£9°0 €0~H6£°9 8889 969 001 86C1°0 €0-397°1
601 +8011 §'8¢1 00T C0-HLT T 7601 €T'TS S8l LY¥6'0 €0-H96°S 601 1971 '8¢l 8770 €0-g¥¥'1
€L 9l T1sT S19°C 20-9v0'1 €Ll L'18 T1sT 8Lv'L €0-H88°S €L [4: 294 T1sT L9Y'0 €0-398'L
LT 9L'861 1'86¢ S6S°¢ €0-H£0'6 LT €5°0T1 1'86¢ 81T €0-d8Y'S LT 88'vS 1'86¢ 97660 £0-H6V'C
Ia%4 £0'68C 1£9 8CC'S £0-H6C'8 1494 91T 1€9 98¢ €0-301°9 I'EY 8L°TT1 [€9 17Te €0-dZS'€
88'89 8197 0001 LIS'6 £0-475°6 L d[dureg 88'89 (4144 0001 €9L°L €0~H9L°L  ojdureg 88'89 ¥901¢€ 0001 619'S £0-479°S ] aduieg
s/pel WrNW s/l ed s'ed # s/peJ wrNw s/l ed s'ed # s/pel wrNw s/L ed s'ed #
ojel ssal)s ojel ssal)s ojel ssals
Aooapn anbio) eoys  lesys AJsoosIA aidweg Ayoojpp anbuol 1eays 13y K1s02SIA aldwesg FATBLIETY anbio) 1e04S o FSTELE TN aldweg

ZH $T°0 9d¥ TTV |[qel

129


http://IOtOL-U.NO

88890°0 989 1 jZ4N1] vero 888900 9’8 1 2910 Q1o 688900 60°11 I 0070 0070
2601°0 w6'L 8¢ Yo LE060°0 76010 €L'6 S8C'1T 6SLT°0O 1110 7601°0 [4! 861 88¢T0 90S1°0
€L10 €€'8 f48%4 LOST'0 900 €LL0 91l ZIsT ZL0T0 67800 €L10 LLST sz £€68T0 9¢ll'0
LT o 10°6 186°€ 6791°0 760v0°0 LT o 9811 186'¢ SYITo 68€50°0 LT o 9991 186'¢ £10¢°0 695L0°0
9YEV0 FAN €9 1€81°0 206200 2340 68°Cl €9 °eeT0 969¢0°0 IWEY'0 9¢°61 60€'9 8€6E€°0 809500
88890 6511 01 960T0 960200 8889°0 891 01 969T°0 96970°0 88890 LETT 0l 98¢0 S98€0°0
760'L LEEl S8l 61vT0 97s10°0 260'1 sSLl [2: XY SLIE0 £0020°0 7601 [ Y4 S8'ST 9o 16200
€L1 18761 Zrse 9870 8€110°0 €Ll 66'0C st L6LEQ 11S10°0 €Ll 88°7¢ st 81650 89€70°0
wL'e 81'0C 18°6¢ S€9€°0 €0dLT'6 (474 96T 18°6¢ 1€9°0 €9110°0 L't S6'0F 18°6¢ . LOvL'0 9810°0
51494 EV'LT 1'e9 196%°0 £0-198°L ey YL'TE 1'€9 7650 £0-36£°6 1494 8L'IS 1'€9 $9¢6'0 Y8¥Y10°0
8889 18°6¢ 001 o £0-20T°L 8889 144 001 6S6L°0 £0-396°L 8889 Yv'L9 001 Tl [4411]
601 9€°09 S$'8S1 760'1 £0-168°9 7601 9L°€9 S'8S1 €SIl £€0-98T°L 7601 v1'16 861 8Y9'1 ¥010°0
€L 8576 T1ST SLY'T £0-HL9'9 [A 99°66 TIsT £L1 £0-468°9 €Lt 65871 T1sT 97€T €0-H9T°6
LT S6'6¢€1 1'86¢€ 1€6°T £0-49¢°9 it €1vl 1'86€ 9667 €0-dCr'9 LT 86'L81 1'86¢ |43 €0-dpS'8
ob'EY 0'TST 1£9 6SS'V £€0-dET°L 9'EY 99 1T 1€9 [ VA4 £0-d£6'9 ey 96'S6T 1€9 £5E'S €0-d8V'8
8889 76987 0001 L08'8 £€0-d18'8 81 ojdureg 88'89 £V 16V 0001 6888 £0-d68'8 ¢1 adueg 88'89 £8'9¢¢ 0001 L0001 L0100 71 opdureg
888900 L'L 1 z6€1°0 c6El0 688900 10°01 1 11810 1181°0 888900 16'vl I 969Z°0 9697°0
7601°0 88 3191 S6S1°0 90010 °601°0 6v'01 8¢Sl 8681°0 86110 7601°0 6091 8¢Sl 16T0 9€81°0
€Lro ¥'é6 TIsT 10L1°0 14L90°0 €L10 9Lt [45%4 LTITO L9Y80°0 €LT0 [4:1! TIsT w6E0 LET0
wiTo 1001 186'¢ L1810 65100 Lo vL'Tl 186'¢€ S0£C0 68L50°0 [47%A ) 714 186'¢ weeo 169600
9VEY'0 ¥9°01 1£9 STol'0 S0€0°0 IrEY'0 LLgl €9 (74 4] LY6£0°0 IPEP'0 LOVT 1€9 €S0 66890°0
88890 1071 1] Lo TLITO0 88890 68°S1 ol PL8T0 vL8TO0 88890 86'9C ol 880 88¥0°0
601 €0'¥1 <8¢l 8€ST0 109100 260°1 LS'61 S8°S1 ¥S€0 yECTO0 w60'1 Cle 1391 £v95°0 96£0°0
[ S091 Zr'se Y0670 96110°0 €Ll V'ee [48Y4 o $8910°0 €L'1 sLE s L8LI0 ¢0LT0°0
WLt 6l 18°6€ zIs€0 £0-d78'8 (4754 YL'8T 18°6¢ 86150 90€10°0 LT 81°0¢ 18'6€ 94060 87700
eV ({74 1'€9 80510 €0-Ar1'L ey 96'9¢ 1'¢9 8990 650100 1494 66'€9 1'€9 LST'T ¥€810°0
8889 19'v€ 001 9790 £0-99C°9 8889 Loy 001 668°0 £0-366'8 8889 1978 001 por'l ver10°0
601 s §'8st LET6'0 €0-AL8'S 601 ¥0'0L S$'8S1 L9t £0-466'L 60t 1801 $'861 956’1 PETIO 0
€L LV'8L T1sT 6lv'l £0-459°¢ €Ll €201 T1sT 681 €0-H9¢°L €Ll 8L°TS1 ISt €9L°C 20-901°1
[4 %4 86811 1'86¢€ 44 €O-dIv'S [44X4 0TSt 1'86¢ SL'T £€0-916°9 LT 66'€1C 1'86¢€ 1L8°¢ €0-dTL'6
9r'eY 69'17C 1€9 10y £0-19¢°9 ey [ R31Y4 1€9 S8SY €O-HLT L 4374 8'8¢C¢E 1€9 8¥6'S €0-dEV°6
88'89 £U'19v 0001 823 £0-dre'8 L1 odureg 88'89 v 66¥ 0001 €€0'6 £0-d£0°6 1 oidureg 88'89 SY'+09 0001 €601 £6010°0 11 adureg
88890°0 8L I 1vio 11y10 888900 $901 I LT61°0 LT61°0 688900 9TLl I zIeo e
601°0 ¥8'6 8¢l 18L1°0 PzZITo 76010 [P R 8¢l 81170 9€€1°0 601°0 L6'91 86’1 690¢£°0 9€61°0
(AN L0l [48%4 SL81°0 S9vL0°0 €LT'O S6°CL CIST veTo YTE60°0 €L10 6761 TIsT 884£°0 68€1°0
wLTo 18°01 186'¢€ SS61°0 116700 LT 0 12941 I186'¢€ €900 £0990°0 [47%40} TET 186°¢ L6V 0 s01°0
9vEr0 191 €9 10120 67€£0°0 9rEr' 0 89°¢C1 1£9 LESTO 96¥¥0°0 9YEY'0 €6'LT 60€°9 7805°0 L0080°0
88890 ¢TEL 0l P6£T0 Y6£20°0 88890 2081 0l 65S2€°0 657€0°0 88890 Is'1¢ ol LSO LS00
601 LSt S8°SI 870 6L10°0 7601 86'1C S8°SI 9L6€0 805700 760°'1 1LS¢E s8¢l 9%9°0 9L0v0°0
€L1 w8l Zr'sz 967€°0 CIET00 €L'1 LT'LT [4%74 SI6v0 LS610°0 €L'1 w6y st 8SL0 810€0°0
WLt LS'TT 18°6€ £807°0 §T010°0 L't £6°EE 18°6¢ 9090 £€TS10°0 L't eSS 18°6€ 1 €I1ST00
eV ¥L'8T 1'e9 86150 £0-dvC'8 IvEVy €LTY I'e9 8TLLO STTI00 L1204 I€1L 1'€9 67’1 ¥¥070°0
8889 LV 6¢ 001 6tlL0 ({05142 8889 6595 001 ¥o'1 ¥20100 8889 £€8°06 001 €P9'1 £¥910°0
601 9€'LS 86t LEO'L £0-d55°9 2601 9°6L $'8S1 vl £0-d80°6 601 €LSIL $'8S1 £€60'C 1T€10°0
eLl L8 TIsT LLS'] €0-98C°9 €Ll LLEll TIsT 860°C €0-361'8 €Ll €TSST ISt 808'C 0TIl
LT yTTel 1'86¢ 68T €0-H109 LT P6'991 1'86¢ 20t €0~H6S L 'Lz 6'81C ['86€ 656'€ £0-d56°6
[i837 SL'EET 1€9 8TV €0-90L9 ey s €9C 1£9 LOL'Y £€0-H9S°L 9ty 66'VEE 1€9 6509 £0-309°6
88'89 ELLLY 0001 1798 £0-9v9'8 9] ojdureg 88'89 €ESIS 0001 1286 €0-d7¢°6 €1 ordureg 88'89 £1°009 0001 801 §8010°0 01 ajdureg
s/peJ wNw sf} ed s'ed # s/ped wNw S/} ed s'ed # s/pes urNw S/} ed s'ed #
ajes ssals ajes SSaNs ajes Sssals
AyoopA  anbaoy jeays  Jesys A)1s09sIp ajdweg JSTLITETY anbuo) seoys 1eays [STELETTTY ajdweg Ayooen anbuoy, 1eays Jeays Aysoosip 9|dweg

ZH ST0 9dY €TV S1qel

130



888900 w09 1 88010 8801°0
7601°0 14 $86°1 8S1T1°0 LOELOO
€L10 w9 [48%4 9110 ¥8¥0°0
LT o YL 186°¢ 6T10 9YTE00
IvEV'O €LL €9 86€1°0 S1TT00
88890 SE'8 (111 1S1°0 IS10°0
601 £6'8 S8°61 91910 20100
€L 1 66 [4%Y4 ¢6LT0 €O-HETL
[4 754 6511 18°6¢ 96070 £0-49T°S
ey €61 g9 10LT0 €0-d8CV
8889 VT 001 1L8€°0 £0-dL8'E
2601 89Tt S'8¢1 11650 €0-HEL'E
€Ll [4: 239 [A8Y4 YELEO £0-388°¢
LT TL'Le 1'86¢ 89L°1 €0-d¥v'v
9v'Ey 687761 1€9 68Vt £0-dES°S
8889 [ X474 0001 869°L £€0-H99°L 17 21dmes
888900 809 I 6601°0 6601°0
2601°0 S99 S8¢S'1 £€0C1°0 765L0°0
€LT0 £8°9 (4894 9ETI0 w6¥0°0
wiTo vl 186'¢€ vel o $9€€0°0
9vEV'0 68°L 1£9 8T¥10 £9270°0
88890 L9'8 01 69S1°0 695100
60°1 129 S8°61 9TLT O 680100
€L°1 L0l [4NY4 6£61°0 €0-dTL°L
(474 [4: 44 18°6€ 61ET0 £0-d€8°S
ey LL91 1'e9 £€0€°0 €0-dI8'Y
8889 ({344 001 LTEV'0 €0-dee'v
7601 879¢ 861 79590 €0-drl'y
€Ll 88°9¢ T1se 6201 £0-901°¥%
Lt L0001 1'86¢ [44: £0-48S'¥
1414 vz L6l 1€9 896°¢€ €0-359°¢
8889 8L8CY 0001 9SL’L €0-H9L°L 0z opdweg
888900 89 1 LITO CLITO
7601°0 8¢'L $8¢°1 SEEL0 1Z¥80°0
€LT0 8LL (4894 90¥1°0 665500
wLTo ws 186'¢ 98¥1°0 €ELEOD
9rEY0 688 €9 8091°0 6¥ST0°0
8889°0 68°6 01 68L1°0 68L10°0
601 9601 S8'61 8610 1S210°0
€L'1 seCl [48Y4 €E€CT0 £0-d68°'8
(474 9L'¥1 18°6€ L9T0 €0-91L9
eV 6681 reg SEVE0 €0-d¥b'S
8889 8'9¢ 001 (43140 £0-d58'¥
2601 8I'0¥ 919 897L°0 £0-36S ¥
€Ll 17°¢9 TIsT eVl £0-d8S'y
wLe S0'€0l 1'86¢€ 7981 €0-489°%
IY'EY L0T [€9 [27%% €0-4E6°S
88'89 98¢V 0001 £€6'L £0-HE6'L 61 odureg
s/pes wrNuw s/} ed S'Bd #
ojed ssals
[STRTIEYN anbuo) seays Ieaus Aysoosip aidwes

ZH $T0 9d¥ ¥2'V Ql1qeL

131



88890°0 19'6¢ 1 ¥91L°0 Y9IL0 888900 6'8¢ 1 9¢0L°0 9¢0L0 888900 £€6'11 1 8SIT0 10-991°C
[L560°0 60°LE 6¢'1 60L9°0 67810 1L560°0 4% 68¢'1 SIv90 LTI9Y'0 145600 v'8 68¢°1 61510 10-d60°1
€ero N84 1€6°1 L0 S8€°0 ¢ero 1L8¢ 1€6°'1 700L0 979¢0 £C10 101 1€6°1 97810 20-39t'6
8¥81°0 12454 £89C 81780 £90¢°0 8¥81°0 9L’€E 89T 90190 9LTTO 8V81°0 6v' €l £89'C wvco 20-d01°6
89570 98TV 8TL'E TSLLO 80C0 L9ST0 78'8¢ LeL'e 120L°0 881°0 89ST°0 87T 8TL'E [ T48AY] 1049111
895£°0 16'9% 8IS 8180 8¢91°0 L9SE0 LTLy 6LT°S 15680 1$91°0 895¢°0 jzadl 6LT'S SLSTO 20-dL6Y
LS6¥'0 S80S Lel'L L6160 8LC1°0 65670 crsy 661°L 29180 vEIT0 LS6V'0 LESI 961°L 8LT0 20-dH98°¢
88890 SSLS 0l 1v0'1 1v01°0 88890 Svov ol w080 £0¥80°0 88890 96'L1 0l 6VZE0 70-38T°¢
14560 6799 6¢l 6611 679800 LS60 w9 68°¢l 2e8°0 266500 1Ls60 11¢e 68°¢l 8110 c0dI0'¢
el SEL g6l 6CE’L 988900 ee'l 90°sh €61 1S18°0 oo I3 Y0'€T 1eel L91Y'0 20-491°C
878l 95°¢8 £89C 11s'1 7£€950°0 878’1 Yoy 78'9C 6SVL0 18L20°0 8v8'L 16'9C £8'9C 89810 20dI8'1
896°C L6'€6 8T'LE Ll 95¥0°0 89¢°C 8V’ 1y 8T'LE £0SL°0 €1020°0 895°C £e'ee 8TLE 81850 20-dLS'T
89¢°¢ 86'SI1 8IS 860'C S0¥0°0 896°¢ 95’ 1Y 8IS LISLO ISy10°0 89¢°¢ 9vv 6L’ 1S L9080 20-H9¢°1
LS6'Y YT 9el L6'TL ¥or'c yTreno LSV (4214 L6'IL 96¢€8°0 L9T10°0 LS6'Y S6'EY L6'TL S6L°0 oIt
888'9 €T 191 001 916'C 916200 8889 96°LS 001 o1 [¥010°0 8889 S9LY 001 619870 €0-H79'8
1L5°6 L9061 6°8¢1 6vv'e 8¥20°0 1L5°6 ¥S9L 6°8¢1 8¢l £0-396'6 1.8°6 IS1L 6'8¢1 €6C'1 €0-dI£°6
£l 96'97C r'e6l STV 9TIT00 £El 7166 reel 6Ll £0-36CT°6 el 6¥' 1L reet €671 £0-30L°9
8181 SYvLT £'89C 96V $810°0 8781 [44:14| £89C 61€C £0-459'8 81'81 8'L8 €897 68S°1 €0-HI6'S
89T criee 8°ULE 8609 0rdv9'1 89°6T SI'691 8'TLE £86C £0-910'8 89'SC 8'¢6 8TLE L6911 €0-HSS Y
89°'¢¢ £€'8Ch 6LIS LvLl'L 96¥10°0 89°6¢ £T1T 6'LIS 200 €O-HELL 89°6¢ SE8El 6LIS 08T £0-dE8Y
LS 6% 10°6SS L6IL 1701 SOvI00 LS'6V 98°V1¢ L6IL $69°S £0-d16'L L6V (48 744 L61IL vso'v £0-d£9°S
88'89 8S°€9L 0001 18°¢l1 I8€10°0 21 opdweg 88'89 £8°¢lS 0001 ¥6C6 €0-467°6 6 d1dweg 8889 S8LLE 0001 ve89 £0-4¢8°9 v ojduieg
888900 76'8¢ I 6£0L°0 6£0L°0 888900 8'¢e 1 Y1190 Y1190 888900 69°C 1 8681070 868%0°0
1.560°0 1444 68¢1 2080 CLLSO TLS600 (4414 6¢'1 1060 §8%9°0 125600 v0'e 6¢°1 S6¥S00 $S6£0°0
£e1'0 98y 1€6°1 6L8°0 £65¥°0 £ero 1244 1€6'1 Y69L°0 $86¢°0 £e10 89'¢ g6l 869900 8Yre00
81810 £'9¢ £89°C 610°1 66LE°0 8¥81°0 68'€T £89°C o 11910 81810 £€6°¢ 789°C ¥8€90°0 8€70°0
896C°0 LT'SS 8ILE 6L66°0 LL9T0 L9ST0 8Y'Ze LTL'e L850 9LST°0 L9STO 68V LeL'e 188070 €LETO0
895£°0 L6'09 6L1'S €or'tL 6Z1T0 895€°0 £0°CE 8IS €6L5°0 61110 L9S¢€°0 1S54 6L1°S S98L0°0 6IS10°0
LS6¥°0 Y9 961°L L9T'1 12910 8S6V°0 (Y414 Lel'L 91080 81110 85610 wy 861°L 9£580°0 981100
88890 1's9 0l 8LI'T 8LIT'O 88890 LT'IS 666°6 95260 962600 88890 LS o1 1€0T°0 1€010°0
1LS6°0 £0°6S 68°¢l 890°1 §89L0°0 1L56°0 12304 6¢l LLYLO 18£50°0 TLS6'0 sl 6¢l LYET'O £0-H0L°6
ee'l ST19 Ieel 8011 8€LS00 (391 SETE €61 1L95°0 96200 el 651 reet L820°0 £0-d6v'1
8181l 90°L9 £8'9C €11 12sv0°0 8¥8'1 189 £8'9¢ 810 808100 8181 91'C £8°9C Z16€0°0 €0~H9Y'1
895°C wiL 8T LE L6T'1 8¥£0°0 89¢°C 192 8T'LE £87°0 96C100 895°C €L'T 8T Lt £6650°0 £0-dee’1
89¢°¢ £6'6L 8IS Il 16,200 895°¢ vyLT 6L'1S Y9670 £€0-3965°6 896°¢ Se 6L'1S €900 £0-47T'1
LS6'Y 706 L6'TL €91l 897700 LS6'V £8°LT L6'TL S€05°0 £0-400°L LS6'Y [ X4 L6'IL 5600 €O-HIC'T
8889 8T LOT 001 V6’1 ¥610°0 888'9 8'LT 001 62050 €0-d£0°S 8889 6L 001 8TY1°0 €03Vl
1L5°6 0'9C1 6¢l 87T 1¥910°0 1L5°6 96'LE 6'8€1 L9890 £0-dv6'v 1LS°6 8811 6'8¢1 6v1T0 €0-HSS' 1
£¢l €rest g6l LL'e SEVIO0 £el 9¢'1s 1'e6l 6260 £0-d18¥ £el LS8l reel 8GEE0 €0-9vL’l
8181 5°€61 £'89C S'E SOE10°0 8781 YovL £89¢ Sel £0-9€0°S 8181 £0¢ £'89C 18¥S°0 £0-3v0°C
89'6C 80°L¥T 8TLE 69V’ ¥ 20-30T°1 89°6C 5901 8'CLE LT6'1 €0-dLT°S 89T L00S 8°TLE LS06°0 £0-deEV'T
89°G¢ |VA44% 6°LIS LEY'S LTIT00 89°6¢ 19791 6LIS 1¥6C €0~489°S 89°¢¢ ¥$'98 6'L1S 951 £0-970°¢
LS 6V £€9°0¢Y L'6IL 68L°L 780100 LS'6V L'65T L6IL L69Y £0-9€5°9 LS'6¥ 61651 L'6lL 688°C £0-d10'v
8889 1919 0001 yI'T1 Y1100 11 ojdweg 88'89 8L61Y 0001 €65°'L £0-465°L ( ddweg 8889 8601¢ 0001 §T9'S £0-4£9°S [ ojdureg
s/ped urNw s/l ed s'ed # s/peJ WrNW s/l ed s'ed # s/pel WFNW s/L ed sed #
ajel ssans ojel ssans ajed ssans
Anosoea  anbiol Eays  Jeayg ANsoasip aidwesg Ayooep enbuoy 1eays 1eays A)soosIp ajdwesg FNTRTIEY Y anbioj 1eayg 1eays AJs09SIA ajdweg

ZH ¢°0 4d¥ STV 2lqel

132



888900 €0've 1 96190 95190 68890°0 [§ 44 1 pSoyo SOy 0 888900 SO'LT 1 £687°0 £687°0
TLS60°0 r'6g 6¢€'1 €IL°0 1€150 L5600 [NY44 6¢'1 8L0V'0 SE6T°0 1L§60°0 LS'LT 6¢'1 886¥°0 686£°0
£ero L8'0F 1e6'l £6EL°0 628¢°0 €E1'0 [41) 74 1€6'1 SYEY'o §TT0 €€10 6L°LT 1€6'1 97050 £092°0
8¥81°0 14844 £89°C £08L°0 60670 81810 68'LC £89'C PpP0os 0 8810 8Y8I°0 £9°0¢ £89'C ¥SS°0 €907°0
89ST°0 SISy 8TL'E 99180 161T°0 89620 94 8CL'E 88860 8S1°0 89¢C°0 £L°9¢ 8CL'E v¥99°0 8LT0
89¢€°0 vLLY E18Y €980 L991°0 895¢€°0 8L'S¢E 6L1'S 1L¥9°0 6vZI'0 896€°0 |84 oLL'S LIVL'O [4% 201
85610 §0'TS Lel'L Y1v6°0 80€1°0 LS6V'0 9'LE L6l'L 10890 $v60°0 LS6V°0 17424 L61°L 20080 ZIro
68890 €6'LS 0l 8¥0'1 8¥01°0 88890 oy 0l SLTLO SLTLOO 88890 8¥'LY 0l L8580 L8S80°0
1L56°0 819 68°¢1 LTl LEVSO0 1L56°0 (4234 68'¢l 9T6L°0 $0LS0°0 1L56°0 8IS 68°¢l €LE6°0 SvL90°0
€'l YLIL €61 86C'1 122900 €e'l £8°6¥ g6l Y1060 699700 €€l 8'LS €6l SYO'l SIys00
818'1 708 £8°9C Isv'l LO¥S0°0 88l 12472 £8°9C M1l 9234 88’1l 61°69 £8'9C sl 99700
896°C Sv'06 8T'LE 9¢9'1 68¢¥0°0 896°C 9LL LTLE vov'l 99L£0°0 89¢'C yTes 8T'LE 9081 6£0V0°0
896°¢ $9°¢01 6L'1S SL8'1 79¢0°0 896°¢ 506 6L'1S 8€9'1 791€0°0 895°¢ 7’86 6L'1S 8Ll 9EVE0'0
LS6'Y ST'otl L6'IL €LIT 20€0°0 LS6'Y 18°CI1 L6'1L v0'C SE820°0 LS6'y 96°ST1 L6'TL L60'C 16200
8889 80°1¥1 001 (434 7ssT00 8889 [4 274! 001 L9TC L9TT0°0 8889 69¢1 001 9LY'T 9LYT0'0
1L5°6 8T L91 6'8¢1 970°¢ 8LIT00 1L8°6 A 6'8¢1 6€L'T 1L610°0 1LS°6 SI'e9l 6'8¢1 1S6'C Y1200
€€l 0T 1'¢61 ¥S9'¢ 268100 £el 681 1'¢61 6lv'e ILLTO0 £el 10961 1'¢6l SPe'e 9¢810°0
81’81 05T £'89C (Y48 % L8910°0 8V'81 S¥'9¢T £'89C LLTY Y6S10°0 8181 (441174 £'89¢C LYEY 29100
89°ST €I'81¢ 8'TLE YSL'S [4aCiZ 31 89°6C 8670 8CLE 8y'S C0-ALY'1 89'¢T 8€'867 8TLE L6E'S 0 HSY'l
89°6¢ I'8iy 6LIS 09s°L 9r10°0 89°6¢ S0°06¢ 6'L1S SSo'L ¢9€10°0 89°6¢ 81'78¢ 6'LIS 8169 9¢€10°0
LS'6Y SV ELS L6lL LE0T Ivv10°0 LS 6V 96°'TES L6IL ££9'6 8¢€€10°0 LS 61 90vIS L6IL 8676 z6C100
88'89 8°€98 0001 7961 795100 g1 opdureg 88'89 6'€9L 0001 8¢l 8€100 91 apdureg 88'89 YSVeL 0001 ITEl 11€10°0 1 opdureg
688900 Sv'8s 1 LSO'T LSO'T 688900 01T I 808€°0 808€°0 688900 £0°S¢ 1 9€€9°0 9€€9°0
TLS60°0 66'SY 6¢'1 81€8°0 L86S°0 1£560°0 [4 % X4 6€'1 810 9¢0¢€°0 145600 8€°9¢ 68€°1 18590 9ELY'0
£E10 8T 6¥ 1e6'l 1680 LI9%'0 £€10 st 1€6'1 L6SY 0 18¢C°0 [ N] 86°¢¢ 1€6'1 SEVI 0 £EEE0
8¥81°0 6v'ZS £89'C v6¥6'0 6€5€°0 8810 9'6C £89C 19€5°0 86610 8V¥81°0 87'8¢ £89°C £269°0 1870
89¢T°0 L0'Y9 8TL'E 6SL'1L 601€°0 89¢T°0 (%3 8TLE 9090 9291°0 89¢T°0 91V 8TL'E 8¥L0 L00T'0
89¢€°0 vT'89 6LT'S 1274t £8€7°0 8960 £€9¢ 6LT'S 1L59°0 69210 89¢6€°0 6S'LY 8IS 80980 7910
LS6V'0 61°0L L6T'L LTl Y9LT0 LS6V0 1T6¢ L6T'L ¢60L°0 58600 LS6V'0 68'¢S L6T'L LYL6'0 yseT’o
88890 YL 0l (33! 6€€1°0 88890 144 0l 1S9L°0 1$9L0°0 88890 £€°09 0l 160°1 160T°0
TLS60 15708 6'¢tl 9Tl 8010 1L56°0 (4914 68°¢l iv80 950900 1L86°0 €S9 68°¢l (4181 L0S80°0
€e'l L6°06 1€°61 1921 £CS80°0 I3 Y419 1€°61 1€96 0 686100 €'l £€6°TL €6l [45 1 $6L900
8V8'l 1801 £8'9C 9¢6'1 16CL0°0 8181 969 £8'9C L8T'] €Crr0o 8¥8'1 6978 £8'97 96¥'1 $LSS00
89T 16921 8T'LE 88C'C 6£190°0 896°C €L9L 8T'LE 88¢'1 €TLEOO 89¢°C 96'66 8T'LE 808’1 158400
89¢°¢ 9I'vrl 6L'1S L09T ¥€050°0 895°¢ 06 oL'1S SE9'1 8S1€0°0 895°¢ LO'611 6L'1S 12994 8SIv00
LS6'Y LT'ELT LE6'TL Ere cseEvoo LS6'Y 6£°901 L6'1L vZ6'1 L9200 LS6'V [4: 287! LE6'IL 79¢°C 655€00
8889 €761 001 SES'E gEse0’0 8889 £9C1 001 ¥87'C Y8700 8889 £0'991 001 £00°¢ £00£0°0
1L8°6 67'CET 6'8€1 0Ty ¥20£0°0 1LS°6 l2289! 6'8¢1 6EL'T 1£610°0 1LS6 LL'S61 6'8¢1 se 8¥ST00
£el 9¥'18¢ re6l 160°S LE9T0°0 £'el SLE8T 1'e6l 1 7433 TLI00 £el 6£°CET 1'e6l £0TY LLITO0
881 Y0 Eve £'89C S0T'9 €1€20°0 8v'8l 96°92¢ £89¢C 860 8CSI100 8181 ST'6LT £89¢C 6¥0'S 788100
89°6C 96 1ey 8TLE 908'L 20-460°C 89°ST 8°¢8¢C 8TLE 691°S 20°d6¢°1 89°6C €6'1VE 8TLE s8l'9 C0-H99'1
89°6¢ £V v9¢ 6'LIS 1701 [L610°0 89°¢¢ €0'ILE 6'LIS 11L9 962100 89°¢¢ vsey 6'LIS 9L8'L 12S10°0
LS 6V 10°1sL L'61L 8S'¢l 888100 LS 6V 66'10S L6tL 806 9Ti00 LS'6V L6'89S L61L 6C°01 €100
8889 688101 0001 L6'81 L6810°0 L] opdureg 88'89 8L VL 0001 11°¢l 11€10°0 1 odureg 88'89 89'98L 0001 [ X4t [X440X0) g1 djdweg
s/ped WNw s/ ed s'ed # s/ped wyw s/l ed s'ed # sjped wrNw s/} ed s'ed #
ajes ssans ajel ssans ajel ssa1)s
Ayooten anbio| jeoys  seoug JSTELETTYY adweg Ayoojon anbioy 1eaysg 1eayg JSTELEISTY ajdweg [STELIEYN anbioy 1eays 1eoyg K)1S09SIA ajdwes

ZH ¢°0 444 9TV 2IqeL

133



€Ll 8¥'LSE TIsT 999 ¥LST00 88890 88'S¢ ol 68¥9°0 681900 8LITO 98¢ 418 869070 ¢0-HITT
8L'1C £r'60v 791¢ 90¥'L TreTo’o TL98°0 10°S¢ 65T1 €£€€9°0 1£0S0°0 wLTo 84 186'¢ vrL0°0 c0-dL8°1
LT S89LY 1'86¢€ S79'8 L91T0°0 2601 £0°SE S 391 9€£9°0 L66£0°0 sreo Iy zIo’s 9L6L0°0 20-365°1
(49 43 y1°€9¢ s 6101 20-4¢£0'C vLET 69°9¢ S6'61 L£99°0 9TEL00 9rEY0 9IS 9 1£€60°0 C0-d8¥'1
It'Ev 8699 1€9 el 6100 €L'1 76'8¢ [4A8Y4 6£0L°0 708200 Lvrso SL'S vre'L 01°0 C0-HIE' T
TLYS L9118 £Y6L 89t 8¥810°0 8L1'T oy 79'1¢ SHSLO 98€70°0 68890 09 0l €601°0 ¢0-360°1
88'89 869001 0001 178l 128100 6 dydueg (4744 YTy 18'6¢ 20080 10200 L9880 LL'9 65°CI \ 74481 £0-dZL°6
88890°0 Il'ey I 908L°0 908L°0 S 4% I8'LY Zros 81980 9TLI00 601 LS'L 861 69€1°0 €0-d¥9°8
TL9800 8¢°CS 65T'1 YLV6'0 STSL0 294 yees ['e9 8¥96°0 6TS10°0 PLEL [44:] S6'61 L8Y1°0 €0-HSP'L
76010 IS 861 ¥0€6°0 L850 (4349 LO'6S £V'6L 8901 SPE10°0 €Ll £'6 st €891°0 €0-40L°9
VLET'O 144 S66'1 81680 LYY0 8889 ¥T'L9 001 9IT1 9IT10°0 8LI1°T $601 9'1¢ 80610 €0-d€0°9
€LT0 1s°0S (484 Sel6’0 LEYE0 7L9'8 L6'6L 6'ST1 Lyl 6v110°0 fa 74 €811 18°6¢ 6€1T0 €0-dLE'S
8LITO 69'6¥ wre L8680 8T 0 7601 Y0'v6 $'8S1 1oL'1 €L010°0 sr'e 9¢l cros 9T0 €0-dl6' ¥y
LT o res 186'¢ §096'0 eIvTo vLEL 91011 S661 66’1 €0-d66'6 1494 1091 ['e9 968C°0 €0-H6S'v
sheo $6'8S (408 990°1 8CIT0 €Ll ¥8'I€1 TIsT S8¢'C €0-d6v'6 Ly's 961 €V'6L 75¢€°0 €0-dev'y
IrEY 0 99°'19 €9 SIT'L 89L1°0 8LIT ST'8S1 791¢ 98T £0-450°6 8889 LETT 001 LYOY 0 €0-d50°¥
TwLyso 1589 €ve'L 6£C’ | 961°0 it 96'681 ['86€ 9EY'e £0-9£9'8 7L9'8 9T'LT 6°6C1 1344 £0-d76'¢
88890 96'TL ol €'l F4 1] [49 %3 SO'I€T 7’108 [YAN4 £0-dre'8 601 STYE S8SI P619°0 €0-d16'¢
TL98°0 8178 65°C1 98V'l 18110 ey 80'78C €9 0T1°s €0-960'8 pLEl 8.0V S661 LLELO €0-40L°¢
60’1 $6'98 [$: 331 €LS'T £2660°0 TL'YS 1T'¥9¢ €' ¥6L 9869 €0-96C'8 €Ll §T0S TIstT 68060 €0-479°¢
PLE'T 6£'€6 S661 689°L 994800 8889 ¥9'96% 0001 £86'8 £0-486'8 9 opdureg 8L'IT 9179 791¢ 17401 €0-496°¢
€L'1 <s001 st 8I8'I 8€TLO0 888900 8L I 1Ivio 10:91iP'1 LT 9L'T8 ['86¢ Lev'1 €0-49L°¢
8LT'C S9'801 9'1¢ S96'1 17900 [L560°0 169 68¢€'[ stro 20-366'8 (4943 evell 108 50T €0-460'¥
LT wetl 18°6¢ 67CC 865500 €ero 6L'9 [€6'1 8TCI0 20-49¢°9 434 £6'651 1€9 £€68°C €0-d6S ¥
sre I8¢l zros 605°'C 900500 8¥81°0 LTL £89C vIET0 20-H06'v [o+dLY'S $8°6¢C £reL LSTY £0-dETS
Ivey 98951 1e9 LER'T L6Vv0'0 895T°0 s$9 8TL'E 9LIT'0 c0-991'¢ [0+d68°9 LS9VE 0001 697°9 €0-4LT9  opdueg
wLy's L89L1 €6l 661°¢ L20¥0°0 895€°0 vS'L 6LL'S ¥9L10 20-4€9°T 888900 SO0 I Y0-408°6 0-408°6
8889 LE'T0T 001 w9t Tr9e00 LS6Y'0 8I'8 L6l'L 8¥1'0 ¢0-990°C 1L560°0 600 6¢'1 €0-dLS'T €0-dET'T
7L9'8 LY'6TT 6'ST1 ISy L6TE0°0 88890 '8 1)1 1Z81°0 20-des’I €ero 1o [£6'1 £0-d€1°C €0-401°1L
601 6y’ 19C S$'8SI €Ly ¥8620°0 1L56°0 Ly'L 6'¢l 1S€1°0 €0-9CL6 8¥81°0 SI'o £89'C €0-9L9°C Y0-dL6'6
vLel L996T S661 99¢°¢ 689700 (31 8¢01 L[£61 LLBL'O €0-dTL'6 89¢T°0 o 8TL'E €0-106'€ €0-d50°1
€Ll TE6EE TI1sT 8¢19 €vrzoo 8¥8°IL 2001 £8°9C ¢I81'0 €0-99L9 896¢°0 £0 6LL'S €0-9dve'S €0-d€0°1
8L'1T 1L06¢€ 791¢ L90°L SETT00 89T 81Tl 8T'LE €02T0 €0-HI6'S LS6V0 1v'o Lel'L €0-dIv'L €0-HE0'1
LT 1T8sy 1'86¢ 887’8 780200 89¢°¢ I'vl 6L'1S 1§§T°0 €0-dE6'v 88890 950 ol 6001070 €0-HI10°1
(49 43 76'6ES 108 99L°6 20-ds6'1L LS6'Y €981 L6'TL 69€£°0 €0-d89°v 1L56°0 9L0 68°¢l 8€10°0 Y0-HS6'6
IV ey 89°¢€€9 1€9 91l LI8I00 8889 LI'ST 001 ssto €O-dSS v €e'l SOl €6l £0610°0 ¥0-498°6
LYs SIeoL £r6L 6L¢l 9¢LI00 [L8°6 13114 6'8¢1 1EELO €0-d8T'S 8V8°1 Sl £8°9C 129200 PO-dLL6
8889 [10°ST6 0001 €L91 €L910°0 8 ojdwreg €el 12X14 I'eol 19680 €0-9¥9'v 895°C £€0'C 8CT°LE €L9€0°0 0-458°6
688900 L6'VT 1 91SH°0 9IS¥'0 8¥'81 8§19 £°89¢ 89T°[ £0-99¢ v 89¢°¢ £€8°C 6L'1S IZIS00 Y0-d68°6
TL980°0 S1'sT 6ST'1 8Y5¥°0 €19€0 89'6T v8'L8 8'TLE 6851 €0-d9T'Y LS6'Y [4184 L6'IL 99TL0°0 €0-d10°1
76010 L9'6T 6861 99€$°0 98€€°0 89°GE 122741 6'L1S 12944 €O-dSEY 8889 s 001 P€01°0 €0-9€0°1
vLETO £€9°0¢ S66°1 I¥SS°0 LLLTO LS 6F 16961 L61L 95°¢ €0-dS6'V 1LS°6 78 6'8¢1 €8¥1°0 €0~dLOT
€LL0 1€1€ TIs'T £€995°0 §STTO0 8889 1280143 0001 9L1'9 €0-481°9 ¢ sjdweg €el 6V’ Sl Ie6l 108C°0 €0-ASY'l
8LITO [ m9r'¢ 79950 I6L1°0 888900 L't 1 LL8Y00 <0-d88'Y 8¢8I 18°9Z £89C 6¥81°0 £0-HIS'T
wiTo 43 186'¢€ L8LS0 1294%Y L9800 99°C 6ST'1 918400 20-4€8°¢ 89°ST 12444 8'TLE L£08°0 £0-d91°C
(4344 14333 zio's 6ZV9°0 £8C1°0 76010 68'C G8¢°1 9TCs0'0 ¢0-d0€°¢ 89°6¢ yiL 6'LIS 60¢'1 €0-4dES°C
IrEY'0 [ A%3 60€°9 6£79°0 68600 PLETO I'e S66'1 209500 ¢0-418°C LS 6F €6'911 L'61IL SII'T £0-dy6'C
[4343Y L've 6L LLT90 106L0°0 9 sjdureg €LL0 ve'e CIS'T L£090'0 20-A0¥'C p sjdureg 88'89 LT L8] 0001 L8€°€ £0-H6¢°¢ [ ojdureg
sjped wNw s/L ed s'ed # s/pel wNw s/ ed s'ed # s/pel wrNw s/ ed sed #
ajel ssal)s ajed sSsal)s ajed ssal)s
fyooA anbuo) jeays  Jeayg A)s02SIA ajdwesg Ayoopop anbuo) eayS 1eays Asoasip ajdweg fynooa anbio) 1eays o A)soasIp ajdwesg

ZH SL°0 9d¥ LTV 919el

134



888900 $9°0T [ 9€LE0 9€LE 0 888900 ¥0'LT 1 6810 6870

L9800 9T 65T'1 16010 STE0 TL980°0 8'LT 6ST'1 1€0S°0 966€£°0

76010 8897 6851 £98Y°0 890¢€°0 760170 SLIE S8S°L EVLS O £29¢€°0

VLETO $6'6T S66'1 LIYS0 SILTO YLEL'O 80'vE S66'1 §919°0 60€°0
€L10 98'[€ TIsT 9L5°0 ¥62C0 €LT0 19°L€ (4154 70890 80.LT°0

8L1C0 X33 91'¢ 9€19'0 ¥61°0 8L1TO €01V 91'¢ 1TrL'o LYETO

wiLTo I'se 186'¢ 8¥€9°0 S651°0 wiTo LS'EY 186'¢ 88L°0 6L61°0

TSHE0 L6'9€ [40XY L8990 YEEL'O SPE0 SESY tio’s €078°0 LESLO 88890°0 SI'LE I 7L9°0 TL90
IvEr 0 £1°6¢ €9 LLOLO o l2340] 118 €9 70.80 6LELO TL980°0 S6'8¢ 6ST'1 SY0L 0 96550
wvso S9'1¥ £v6'L £€5L°0 ¥8¥60°0 LYS'0 (419 V6L £876°0 6911°0 7601°0 L'8€ $8S°1 100L°0 LIFY0
88890 8y ot €018°0 €0180°0 88890 96'vS 01 v66°0 6600 YLETO €Ly $66°1 LIELD 769€°0
7L98°0 98°6V 65Tl 81060 ¥O1L0'0 TL98°0 vL'6S 6S°C1 80'1 785800 €LL0 LTy TIsT SSLLO L80E°0
260°1 L99S 861 ST0'1 L9¥90°0 601 99 $8°¢lL 1071 8LSL0°0 8L1T0 179% m91l'¢ 85€8°0 €P9T0
yLET ¥0'+9 S6'61 8SI'l 908500 vLET 86'SL s661 yLEL 888900 LT0 LS'IS 186°€ 8T€60 EVETO
€L1 LOTL Tr'se S8T'1 L11SO0 €L'1 6798 Trse ¥95°1 877900 [43431) 68°SS [AGNY [10'L L10T0
8L1'T €9°8L 9'1¢€ wr'l L6YY0'0 8LI'T SY'86 9'1¢ I8L°1 1£950°0 Liza40] SY'T9 1€9 [N} 6L1°0
LT L8 18°6¢ 8LS'1 £96£0°0 LT LTILL 18'6€ €10T $50S0°0 TLYS0 61°L9 £€v6'L SITT £51°0
4343 €I'L6 Tros LSL'T S0S€0°0 [434% (3274 zros 1STT 16700 88890 LOTL ol YO€'1 YOE1'0
ey 81°601 1'e9 SL6'T €1£0°0 14984 9L6€1 1'€9 8IS'T LOOVO'0 7L98°0 SLL 6STI wor'l YLIT0
wuy's (4414l £r6L 1€T°T 808200 TLr'S TL9s1 €V6L SE8'T 695€0°0 2601 L'€8 §8°S1 25! £5560°0
8889 ovl 001 €St TESTO0 8889 ¥8'9L1 001 661°€ 661£0°0 vLE'L YL 06 S6'61 Iv9°'L 977800
2L9'8 16'651 6'6C1 68T L6TT00 98 1¥°00T 651 §79°¢ 68200 €L'1 9L°001 crse €28l 95TLO0
2601 ¥0'€81 ¢'8S1 1Ie€ 68020°0 76°01 1'87C G851 9tl'y €0920°0 8LI'T ST 9°1¢ 810C 8€90°0
YL EL T 01T §'661 €08°€ 906100 yLEL L919T S'66t €ELY TLETO0 [4 754 €19zlL 18°6€ 182°C 1€L50°0

€Ll 60T TIsT Siv'y 8SL100 €Ll T 00€ TIsT yEV'S €9120°0 14443 10°Lyt ros 659'C 90£S0°0
8L°1T €5°L8T T91¢ 10T’S SY910°0 8L1T wive T91€ 879 98610°0 el £F°L91 1'€9 670°€ 800
Le [ 243 1'86¢ ZET9 95100 Lt €I'Soy 1'86¢ 8TE'L Iv810°0 (45 4% €L°681 €v6L (4343 42 701]
(4943 99°S1Y 108 8IS°L C0-H0S'1L (4943 LT'L8Y 10§ TI8'8 T0-H9L°1 8889 [4: 3414 001 988'¢ 988¢€0°0
ey £6'90S €9 6916 £SY10°0 257 §6°68¢ 1€9 6501 6L910°0 L9’ €STEVT 65Tl Sov'y 66¥€0°0
Lvs LO'0V9 oL 8611 8SY100 ws 6S°TTL £Y6L LO'EL SY910°0 601 Yo'LLT $'8s1 eo's 691€0°0
88'89 €5 118 0001 <43t TIS100 [ ajdureg 8889 6L°976 0001 9L91 9.910°0 01 sdureg yLEL (3483 S661 69'S 68700 6 opdueg
s/pel WwNWw s/l ed s'ed # s/pel wNw SfL ed s'ed # s/ped wrNw s/} ed s'ed #
el ssals ajed ssalls Qe ssans
fuoojepA  enbioy eays  Jeays As09SIA ajdwes JSTHICEYY anbio| 1eays 1eays AJNSOISIA oidwes [STEICTEY Y anbiog 1eaYS 1e0YS KJiSOISIA aidwes

ZH SL°0 ddY 8TV 2IqeL

135



888900 L8V 1 69C°0 6970 888900 891 1 YE0£°0 €00 888900 L'81 1 £8€€°0 £8€E°0

TL980°0 23] 65T’ 1 11820 €ETTO L9800 £0'81 65T'1 9CE0 65C°0 TL980°0 £v'0T 65T'1 $69€°0 SE6T0
76010 €91 $8¢°1 8¥67°0 981°0 601°0 1781 S8S°1 Y67¢°0 8L0T0 6010 81T 861 6£6£°0 S8¥T0
YLETO 9891 $66'1 S0£°0 6TST°0 VLET'O '8l $66'1 IPEEC0 LL9T'0 YLET'O | S 44 $66'1 yS0¥'0 e0T0
€LT°0 69°L1 CsT 10Z€°0 YLTT0 €L1°0 8v'6l [45°%4 vzseo €orio €L10 66°CC (454 651¥°0 9591°0
8L1TO 7681 o1t £Tre0 7801°0 8LITO 6¥'0C (4183 LOLEQ TLIT0 8LITO 16'¢€C 183 STEY 0 89¢1°0
wLTo 8102 186°¢ §9¢°0 L9160°0 wLTo £8'1C 186'¢ 6v6€°0 61660°0 wLT o 8¢°ST 186'¢ 650 €SII0
wyeo 65'1C zio’s 906¢°0 F6LLOO 43430 LY’ €T (4039 S 7440 L¥80°0 wsreo 1€LT C10°s Y610 LS860°0
9rEY'0 1484 1€9 981¥°0 7£€990°0 IEV'0 1T°sT €9 6550 9TTLO0 oveEY'o 85°6T €9 15€5°0 18¥80°0
Lyso [ 74 £V6'L £0S¥'0 699500 [4549] LT €ve'L 906%°0 9L190°0 wLyso [4%43 €ve'L 78850 SOVLO'0
88890 §$°9C ol 08Y°0 208v0°0 88890 ST 6T ol LTS o TLTS00 88890 9t'se 421 SI¥9°0 1¥90°0
L9880 [5%:14 65°C1 9TIS'0 1L0¥0°0 LI98°0 I71E 65Tl 9%95°0 ¥8¥¥0°0 7L98°0 L9'8¢ 65°C1 6690 96650°0
60°1 h24013 $8's1 905$°0 PLPE00 60'1 86°¢¢ S8'¢1 SLO90 £€8€0°0 760°1 SOty 1891 §09L°0 86L10°0
vLET (23 S6°61 69650 166200 vLEL £C'9¢ S6°61 ¥$59°0 $87€0°0 YLE'L 9'sy 661 7580 9€Tv0'0

€Ll 12°9¢ [4RY4 €90 809200 €Ll L6t [4A8Y4 8IL°0 658700 LT 96’61 (484 9€06°0 L6S€0°0
8LI'T v oy 79'1¢ 6LTL0 T0€20°0 8L1C ¥6'ev (4853 LY6L’0 €1sT0°0 8LIT LY'SS 9'1e £00°1 €LIE00
(474 wsy 18°6¢ 6L18°0 50200 wL'e 60'6v 18°6¢ 6L88°0 €700 wL'T LL'19 18°6¢ LIT'T L08T0°0
(4943 IS ros 19T6'0 88100 14343 SI'ss cros SL66'0 66100 (434 €69 Zros vST'1 £0S20°0
144 $'8¢ 1'e9 8601 LLITO0 1497 18°C9 1'¢9 9E1'1 1081070 ey 8¢'8L 1'e9 81’1 LYTTO00
(4249 8'L9 €6l LTT1 y¥S10°0 wy's SI'ZL £v'6L SOE'1 £910°0 (4349 vr'68 €veL 819'1 LEOTO0
8889 8'6L 00l [ 344 [3441000] 888'9 L'e8 001 VIS'T PIST10°0 888'9 ST'T01 001 6v8'1 6V810°0
798 £6'v6 6'SCI LIL'] 9€10°0 7L9'8 L1'86 65Tl 9LL'T Iv10°0 98 811 6'sC1 PEL'T S6910°0
7601 STEll S'8S1 LY0'T 16210°0 2601 LS'LIT S'8¢1 LZre welo 7601 L8l S'8S1 1§27 £8S10°0
vLET 806l $661 evr'T STTI00 vLEl 4Mi2! $'661 £€68°T 6LC10°0 vLEl P91 S661 L6'T 687100
€Ll 12°¢91 [ EY4 196'C 6L110°0 €Ll 80°0L1 [A874 9L0°¢ STCI00 gLl £T°661 T1sT 1ES°E 90v10°0
8LIT S0'10T 791¢ LEY'E SI100 8L°1T 6£°L0T 791¢ IsL'e 98110°0 8L°1T L8YET 91¢E L1447 £¥E10°0
WLt (34174 1'86¢ sy €er100 LT L¥'9ST 1'86¢ 6£9°F S9110°0 LT 157982 1'86¢ [4189 0€10°0
(4023 ¥'80¢ T1os 8LE°S CO0-diIT'l (4943 19°61¢ 108 18LS 20-dST'1 [49 %) v6'7SE 7108 ¥8€9 C0HLT T
1434 81'06¢€ 1€9 £€90°L 611100 ey 69°86¢ 1€9 HTL €v110°0 vty veLEY 1€9 vi6'L PSTI0'0
wLvs 66078 £r6L yre 981100 LS 65°€TS £Y6L IL¥'6 611070 Lys L'6SS EV6L 1ol vLC10°0
88'89 98'VvL 0001 Ly €l LYEI00 9] ojdureg 88'89 LL6VL 0001 95°¢l 96€10°0 €1 ojduieg 8889 £V L9L 0001 88¢1 88€10°0 71 Sjdureg
s/peld wrNw s/l ed sed # s/pel wNyw s/} ed s'ed # s/ped WNW s/1 ed s'ed #
ajes ssals ajel ssal)s ajel ssans
ApdoA  enbuo) jeayg  Jeayg JSTELRETTY ajdwes Apdolep enbuoy jeayg  1eayg Apsooasip ajdweg Apoojapa anbioj Jeays 1eays FSTELRETPY aydwes

ZH SL'0 dd¥ 6TV 2IqeL

136



7,980 8LE 65°C1 890 €EYS00 ey [y A4yt 1€9 LSL'T £0-3LEY €Ll 866 st VELTO £0-306'9
2601 L90p S8°¢C1 LSELO wovoo wys 6£91T £V6L vi6'e €0-de6'Y 8LIT £8°01 w9'1e 6561°0 €0-4079
vLE L 8¢SV S6°61 10LL°0 98¢€0°0 88°89 857€CE 000E £68°S £0-468°S 9 ojdweg wL'e 88'C1 I8°6¢ 6CEC0 £0-968°S
€L'1 98°Sv st 96C8°0 £0£€0°0 888900 e 1 8TL90°0 20-HEL9 sre STyl oS LLSTO €0-3¥1°S
8LT'C 8L'1S [4 N8 99¢6°0 796700 7L980°0 LTy 6sT1 6£5L0°0 20-366°S 294 SY'St 1'¢€9 S6LT0 €0-dEV ¥
WLt 959 18°6¢ €201 LSTO0 6010 86V $8¢1 600 0-d89°¢ wy's €S°LT £V 6L CLIE0 £0-H66'¢
[494% 91'C9 Zros vl £YTT00 VLET'O 9Ly $66'1 609800 Co-dIEY 8889 [4474 001 9ETY'0 €0-3VTY
ey 1069 r'e9 8Tl 8L610°0 [YAN] 879 (4544 9€1T'0 (A4 4 98 TLT 6'¢C1 616v°0 €0-d16'¢
wy's oL ev6L cev'l ¥0810°0 8LIT0 9¢'L wre TEET°0 0dITy 601 80'VE S'8SI §919°0 £0-468°¢
8889 7868 001 ST9'1 $T910°0 Lo 699 186'¢ 1Z21°0 20-3¥0'¢ vLEl €Ly §'661 8¥SL'O £0-38L°¢
°L98 Lot 6'ST1 8681 9LY100 143244 6v'y zio's SCI800 T0-479°1 eLl 870§ CIsT ¥606°0 €0-979°¢
601 yT8lLi 6861 6€1°C 6vE100 IvEY'0 1394 60€'9 61800 0-d0¢'1 8L'1T L8C9 791¢ LET'T £0-309°¢
YLEL ELLEL §'661 16v'c 6vC10°0 Lvso Lr'y €P6'L 60800 20-HC0°1 [a A% S8°I8 1'86¢ sl €0-dTLE
€Ll 791 T1sT 6£6'C L1100 88890 vo'v ol 876800 £0-d£6'8 (4243 ETIL 108 10T £0-d10V
8L1T 81'¢61 [4°153 vor'e SOL100 °L98°0 1459 65Tl P0£60°0 €0-d6¢°L ey e 9s1 1€9 LT8T £0-98¢v'v
wLe 9'0£T 1'86¢ [¥AN4 80100 760’1 £€T9 6861 9zIL'0 €0-dIT°L T10+3LY'S 9T'81T £r6L 8¥6't €0-HL6'Y

1494 v99LT Z’'1os ¥00°'S £0-486'6 PLET €19 661 80110 £0-39¢°S 10+368°9 [4A Y43 0001 18°¢ £0-d18°S p ojduteg
494 6E'TEE 1€9 109 €0-dES°6 €L T 659 [48Y4 6110 £0-9SLY 888900 1o 1 £€0-910°C £0-d10'C
wLys 88'vOV £v6L £TE°L €0-HCC6 8LI'T 6l'L 9'1E 10€1°0 [30CINN 4 L980°0 910 65C'1 £0-H18°C £0-9£7T
8889 €L'LTS 0001 192X £0-955°6 L 9ydureg (474 SL 18°6¢ 96€1°0 €0-dIv'e 601°0 810 6881 £0-497°¢ £0-990C
888900 96’V 1 $9680°0 §9680°0 wsre L8'8 Zros v091°0 £0-H0T°¢ YLET'O 1T0 S66°1 £0-408°¢ £0-406'1
7L980°0 8y'v 65T'1 S0180°0 8€V90°0 ey 901 1'e9 8161°0 €0-av0°€ €L1°0 £€C0 CIsT €0-HETY €0-dV9°1
26010 Ly S8S°1 806800 89¢£50°0 (4549 LV’ El €V6L LEYTO £0-HLO'E 8LIT0 LTO wQ1e €0-496'v €0-4LS'1
VLET'O 66'Y S66'1 2060°0 5100 8889 8791 001 SY6T0 €0-456'C wito €0 186'¢ £0-3ve’s £0-3re’l
€LT0 £T'S [48%4 LSY60°0 §9LE0O 798 6761 [ 374! 681E°0 €0-HLLT 49430 9¢0 clo’s £0-HCS°9 £€0-90¢°1
8LITO [4:59 91e £€501°0 1£€€0°0 2601 LEVT S'8S1 80vY'0 £0-98L°C 12340 €0 €9 £0-9v8'L €0-3rT’1
wLTo L09 186'€ 86010 65LT0°0 vLEL 1£°6T §'661 20E5°0 £0-499°C LpS0 50 EV6'L €0-HLY 6 €0-d61°1
sPeE0 Y9 Z1o's 6CIl'0 €500 €Ll LO'8E T1IsT L8890 €0-dYL°C 88890 €90 01 wiioo €0-avI'l
12340 879 €9 LEITO 208100 8L'1C 9IS 791E 1v€6°0 £0-456'C 7L98°0 9L0 [Sal 6LE10°0 €0-30T°1
Lyso 8¢9 €v6'L vSIT'O €SYi00 Lt LL'TL 1'86¢ 8671 €0-H9C°€ 601 €60 §8°¢1 L8910°0 €0-4L0°1
88890 ST [} Y6210 ¥6C10°0 [49%3 1's6 108 w1 £0-dev'e PLE'T 9Tl S6°61 60200 £0-450°1
°L98°0 L 65°Cl c0ET 0 ve010°0 ov'ey 8SvEl 1€9 12244 €0-H98°¢ L1 €'l [48Y4 6L5T0°0 £€0-4€0°1
2601 SLL S8°SI wrio £0-dS8'8 wLys cLLel €VeL 9L8°E £0-40S'v 8L1'T (401 9'1€ €600 £€0-39v0'1
vLEY 9’8 $6'61 CIsT0 £0-d8S°L 88'89 L6'80€ 000E 685°S €0-H65°S ¢ opdweg wL't €T 18'6¢ £0¥0°0 €0-H10'T
€Ll 6L'8 [ANY4 6510 £0-HEE9 88890°0 L0t I LY¥SS0°0 C0-d55°S wshe 6LT cros §050°0 €0-HI0°1
8L1T LT01 79'1¢ 6£81°0 €0-d¢8'S 2L980°0 e 65C1 81950°0 20-99%v ¥ 14974 £6°¢ 1'¢€9 88£90°0 £0-410°1
L't e€LTT 18°6¢ £TIT0 £0-9EE°S ¢601°0 18°¢ $86'1 6890°0 20-dSEy wy's 194 €6l 9¢180°0 £0-420'1
1494 el zros 1LETO €O-HELY YLET'O 489 $66'1 86760°0 0-9y9v 8889 8L°S 001 SYO1°0 £0-350°'1
eV [4%4! 1'e9 L7970 £0-d91'v £LT0 €8 [45°x4 10s1°0 70-386°S 98 SYL 6°SCL 8rel 0 €0-HLOT
(4249 8I'LI £v6L L0IE0 £0-H16'€ 8LITO 8S'S wore 101°0 c0-del'¢ 7601 £€0°11 $'8¢1 S661°0 £0-99T°1
8889 S0z 001 SY9E0 £0-359°¢ LT O 909 186'¢ 9601°0 70-9SL°C vLel 2991 §'661 L00£°0 €0-HIS°1
TL98 86'€T 6'ST1L LEEYO £0-dSY'€ 145424 STL clo’s TIEL0 70-979°C €Ll Yo've [ALT4 8VEV'0 €0-HEL'T
2601 [e£'6C $'8¢1 T0ES°0 £0-3SE°¢ LYEY0 8SL €9 1LET0 20-HLIT 8L°1C 19°¢e 91¢ 6L09°0 £0-d26'1
vLElL £8°6¢ §661 8¥9°0 €0-HSTE 1LYS0 9’8 €V6'L 1€S1°0 20-4€6°1 wLe LT'LY 1'86¢ [4%%: 4] £0-d¥1°C
€Lt £0°Sh T1sT SYI80 £0-dyT€ 88890 6L6 6666 TLLTO c0dLL'l e 6v'L9 1os 11 €0-3rv'C
8L°1T 9709 791¢ 60°L £0-39¥°¢ 7L98°0 SL91 6S°C1 £0£°0 0dIve 'ty 98°56 1€9 veL'l £0-35L°C
[4 4 %4 8978 1'86¢ 96t'1 £0-H9L°¢ 60°1 91l 3391 °L0T0 0gI¢’l Lvs ISvel £Y6L €Y' £€0-990°'¢

(43443 v 111 7108 910'C £0-320'v 9 odureg yit'l 1ol 661 £81°0 £0-HL1°6 ¥ opduweg 88'89 £T161 0001 1943 £0-H9v'€ [ ojdureg

s/pel wrNw s/l ed s'ed # s/ped wNw s/l ed s'ed # s/pes wryw S/l ed s'ed #
ajed ssans ajel ssans ojes SSaJ)s
oo enbuoy 1eayg Ieays [STELRETA ojdweg fAyoopp  enbuoy reayg  Jeays Kj1so9sip a|dwesg [STRITEYY anbisoj 1eays Jeays JSTELETTY asjdwesg

ZH | dd¥d 0£'V 3Iqel

137



88890°0 88111 1 vao'e vao'T
L9800 S8 P01 65’1 L68'1 905’1
76010 15201 G861 S8l LT'T
vLETL'O 18°501 S66°1 vie'l 76560
€LTO €Tl [48%4 £0'C 1808°0
8LITO 88011 wQ9l'e 900'C we9o
Lo LYLTT 186°¢€ 43 %4 [SS31]
[45 244 90611 [A02Y 12354 L6TY 0
234 6£°6C1 1£9 ve'C 60LE°0
TLYS 0 ST'6¢€1 €v6'L L1ST 691¢°0
88890 LS'IST ol WLt Lo
88890°0 9'8¢ I 90l 90'1 88890°0 ST'vS I S6L6°0 S6L6°0 7L98°0 Y0 €91 65°C1 6¥6'C weTo
7L980°0 £6'79 651 SET'1 1060 TL980°0 14943 65’1 67860 808L°0 7601 Ly LL] S8°SI 17°¢ €070
°601°0 L8°L9 G861 8TT'1 IFLLO 76010 8V'LS S8¢C'1 0l 9590 vLE'T LT'Tol S6°61 8LVt €PLTO
PLET'O e S66'1 (U3 LESI0 PLETO YE'19 S66'1 1t 19650 €L'1 §S°€0T rse 89°¢ 99%1°0
€LT0 ELVL 4194 sel 18€5°0 ELT'O 1L°69 CIse 6811 CELYO 8LI'T £6'0TC 9'1e 966’ Y9710
8LITO £0'6L ore el 12s¥°0 8LITO SITL ore SoE'l LZIV'0 WLt £8°LET 18°6¢ 14118 4 1801°0
LT o w'es 186'¢€ 60571 6LE°0 wiLTo 8€'6L 186'¢ 9er'1 L09€°0 4943 7'8ST cros L9V 81€60°0
sreo ££'88 40X 8651 881£°0 sreo 6L'V8 414Xy PES'T 90€°0 E12%7 $8'88¢C 1'€9 STTS 8780°0
IEV O 6¢6 1£9 6691 76970 9IrEY0 ¥8'88 1£9 L09'1 LYSTO (4249 90°¥EE £V'6L wo9 L09L0°0
wLyso 8¢°001 £V6'L 918’1 98TT 0 wLrso LY €6 £V6'L 1691 62170 8889 YL 18¢ 001 069 S0690°0
88890 16'301 ol L6'1 L61°0 88890 79'86 o1 ¥8L'1 v8LI0O 7L9'8 vLSEY 6'SC1 88°L 192900
7L98°0 L6611 65Tl L1e yzLro 7L98°0 98'¥01 65°C1 L68'L LOST'0 601 1'eé6y S$'8S1 616’8 87950°0
760’1 8¥'Tel 861 96¢£'C zIsto 601 6C¢l1 S8l 6¥0'C £€6T1°0 vLEL (39439 §661 €001 82050°0
vLE'l j44'i4¢ S6'61 $89°C el o PLE'T 66'¢C1 S6'61 13744 ¥TIT0 €Ll 69'tC9 1sT €11 86¥¥0°0
€Ll 90'691 st 850°'¢ LITT'0 €L 90'8¢1 rse L6V'T w6600 8L'IT ZEE0L 791¢e Tl £20¥0°0
8LI'T L7881 o9'1E Sov'e LLOT'O 8LI'T SSLST [ A8 €8¢ 10600 Lt £¥6L 1'86¢ LEYI 609¢£0°0
L't 19'80C 18°6¢ ELLE 8L¥60°0 LT TL'E8I I8°6¢ £CEe LYE80'0 [49 %3 LL'T06 108 £€91 C0-H9T'E
1494 vI'1€T zros I8I'v reso’o 14943 £9'80C Zros vLL'E 6ISLO0 ey 966101 1€9 86'81 600£0°0
Ie'Yy 1'ssT 1'¢9 viov £IEL00 L1207 SEC 1't9 |54 4 LELOOO LYS §$'8¢C1 £Y6L v'ie 8200
wy's LTT8C £V 6L 901'S 8TF90°0 wy's 17°¢9C £V6L 9Ly 66500 88'89 14%12! 0001 £897 £8920°0 6 spdweg
83889 wele 001 $99°¢ 99500 8889 L'¥6C 001 (XY £€50°0 88890°0 [ 44 1 L90%'0 L90¥°0
7L9'8 [ %123 6'ST1 10¢€°9 S00S0°0 7L9'8 Iy oce 6°ST1 9L6'S LYLYO'O L9800 £0'CC 65C'1 $86¢°0 991¢°0
601 $9'68¢ $'8S1 8Y0'L Lyvy00 601 9¢€'0LE $'8S1 6699 LTTPO'0 2601°0 9t'€T S8S°1L STV 0 999C°0
vLEl vL'8EY 661 9E6'L LL6EOO vLElL 1891y S661 6ES'L 6LLEDO YLETO 12274 S66'1 (33240} [Y44Al]
€L 98'66¥ T1sT 696'8 1LSE00 €Ll £8'69¥% [AEY4 8618 €8€€0°0 €LTO vL'ST 4594 SSO¥°0 £S81°0
8L'1C L1798 791¢ LTO1 91T€0°0 8L1T £6°¢ES 91 $9'6 750£0°0 8LITO 66'9C 91t £88%°0 122344
(4 4x4 €L'T¥9 1'86€ 19'11 916700 WLt 8L'E19 1'86¢ I'tt 68L70°0 rLTO 66'9C 186'¢ 8810 9TCI'0
sve 85°0SL 108 8S°¢El 204d1LT 4943 €9°CIL 108 68°C1 ¢0HLST [492%¢) £1'6T Cl1o's 6925°0 1S01°0
I4%4 69168 1£9 €191 965700 494 SE1S8 I£9 'Sl 1¥¥20°0 IvEY O 1ot €9 Bl2490 1£€980°0
wLvs L0801 £P6L LS'61 YorToo wL¥s 20'1¢01 £Y6L S9'81 8¥£20°0 TLYS0 99°C¢ £v6'L 80650 8EVLO0
8889 65 TEET 0001 |4 1¥C0°0 11 ojdweg 88'89 CEILTL 0001 £C £20°0 01 odureg 88890 33 01 ££9°0 ££90°0 ( ddueg
s/pes wNw s/1 ed s'ed # s/pel wNw s/ ed s'ed # s/ped wNw s/L ed s'ed #
AyoojeA  enbuoy wam:._ s wmmw“_umm JSTELLETYN ajdweg JSTRLTEYN anbio) ._Mw”_m wwwp__umm £31S09SIA ajdweg [STETIETY anbuo] ._Mwm_m wwwu_«mm AJISO9SIA a|dwes

ZH 1 dd¥ 1€V 9IqeL

138


http://r-~.r-.rvi�

888900 L89Y I LLV80 LLYSO 888900 188 I 67880 67880 688900 £8°871 I 069'C 769'C
L9800 900§ 65’1 95060 £€61L°0 L9800 S'Es 65T’ 9L96'0 989L°0 1.980°0 S'eL 65C'1 (X 950'1L
2601°0 wes 6861 8760 £865°0 6010 6L'SS S {5 6001 L9€9°0 ¢601°0 L68 510 €291 ¥ao'1l
vLEL'O ¥9°ts S66'1 0L6'0 £98Y°0 PLET'O 8'LS S66'1 90’1 ¥TS0 YLET'O 1T°L01 S66'1 6£6'1L 61L6°0
€LTO s1'9¢ [4%4 910’1 £¥0F°0 [YANY) SL09 s 6601 SLEV'O €LY0 Y0011 (4594 66'1 STO6L0
8LIT0 S1°09 wre 8801 Ivreo 8LI1T0 LS'V9 91t 8911 £69€°0 6LIT 0 SOzl €©r'e 88¢°C C¢eSL0
[47XA Y] €519 186'¢ LOT'T e670 LT o 889 186°¢ 274! 9CIco LT o L8'8E1 86'¢ (454 1€9°0
sreo LS'69 [418Y 867’1 110 sreo STEL Io’s STE'l 9T 0 £SVE0 68°CSI €10's 99L°C LSS0
9¥EY'0 L €9 123 IITOo IvEY'0 9708 Ie9 syl 10€2°0 LYEy 0 8.8Vl €9 169°C Yoty o
LYso '8 €ve'L €LV'T yS81°0 TLysSo €768 €ve'L yI9'1l €070 €LVS0 8891 SY6'L reo'e £¥8¢€°0
88890 87’88 ol L6S'L L6ST0 88890 L001 ol 1281 12810 8889°0 81 ol (33 £e0
7L98°0 1€°66 6S°C1 voLl 69¢1°0 7L98°0 LSTIT 65Tl 9€0'C L1910 9L98°0 $90T 9Cl SeL'e 9967°0
2601 80°€01 $8°61 98°'1L 9LITO 260'1 6S°ST1 [$: 291 e €ev1'0 260’1 L'S0T S8 Sl 1ee LYeTo
vLE'Y 88111 s66l ¥a0c YI0L'0 pLE'T LS6E1 s6'6l ¥ese §9CI'0 vLE'T LTEET S6°61 61V SIITO

€Ll €1 rse clITce L0880°0 (A LOVSI r'se L8LT 60110 €Ll SS8YC €1'se 96¥ ¥ 68L1°0
8L1'T 8T el 9'1e 6T 18900 8LI'C SY'oLY 9’1 £80°¢ 6¥L60°0 8LI'T SO'1LT 9'1¢ €06V 1SST°0
wLe 6T'8V1 18°6¢ 789°C LELIOO WLt 86881 18°6¢ 1v'e 896800 L't 8£'86C ¥8'6¢ L6E'S Seelo
(4923 1491 zros 6L6'C 6500 she 60T ros 68L'E 195L0°0 12943 1£°96C 108 9t'S 6901°0
ey 8'¢81 'e9 [Y4%Y LT50°0 eV LL'EET 1'¢9 8Ty ¢0L90°0 ey 7891¢ 60'€9 1eL’s £8060°0
wy's L1'90T tvheL 6CL'E S6910°0 'S £0'79C £h6L 6ELY £9650°0 Iys LL'6EE oL IF1'9 8€LLOO
8889 97'TeT 001 10Ty 10T¥0°0 8889 66'£67 001 8IE'S 81€50°0 8889 118793 001 90¥'9 90t90°0
°L98 €7°79T 6'SC1 (74 89L£0°0 98 68°0€¢€ 6'SCL $86'S YSLY0'0 w98 80't8¢ 6'SCl LY6'9 815500
601 L8 L6T $'8S1 88¢°S 66££0°0 2601 69°€LE 861 6SL9 S9TY0'0 2601 €0'0Ch $'8S1 L6S°L Y6LV00
YL el 79'0¥¢ s661 1919 880€0°0 vLED (43147 S661 899°L £¥8€0°0 vLEL 1392504 661 <0y'8 [1%4400)
€Ll £V T6¢€ 4574 860°L 978200 €Ll TLE8Y T1s¢T 6¥L'8 £87€0°0 €Ll 91°0Cs T1sT 80¥°6 IrLEDO

8L'1T 42494 791¢ 60C'8 965200 8L'1T 989 791t 001 SLIEOO 8L1C 8L°06S (453 6901 6LEE0°0
LT 611¢S 1'86¢ 8096 (374N wiLT 18°¥¥9 1'86€ 99°11 €620°0 LT ¥6'189 1'86¢ €'l 860€0°0
sve rie9 108 il 70-98T7°T 423 $S°09L 10s 9L'€l ¢0-9SL'T She 8008 108 (a4l 20-168'C
ey vE09L 1€9 SLel 81¢0°0 1494 r'Lo6 1€9 91 109200 It'Ev 69°S¥6 I€9 1Ll 1142070
Lvs €T 0V6 £v6L 10°L1 Iv1C0°0 wvs (441211 £v6L $0°0T 2S00 wys 6£0VI1 £V6L £9'0C L6STO0
8889 916611 0001 69'1C 691200 1 odweg 8889 65 ¥8¢€1 0001 $0'ST ¥0ST0°0 ¢ ddweg 88'89 €0'Ch1 0001 LSt TLST00 1 ojdweg
s/pel wWNW s/l ed s'ed # s/peJ W NW s/} ed s'Bd # s/pel wNwW s/} ed s'ed #

fyoojap anbhioL ._Mwﬂ._w www_h_uw A)soasIp ajdwes Aypooep anbuo ._ﬁ ._wwﬂ._m www_h_w, AjsoosIp ajdwes Ayoojep anbioL .wwﬂ_m www___umw KJISOOSIA ajdwes

ZH 1 9d¥ T¢'V 9IqeL

139



