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Abstract

Fouling of equipment surfaces in milk processing has been a costly problem for many years. In spite of an
increasing body of knowledge of the fouling mechanism, the problem is not fully understood yet. Recent
investigations suggest that the role of fat in whole milk fouling seems to be very important. The state and
Jorm of the fat globules, processing conditions as well as the orientation of healing surfaces may affect the

Souling mechanism.

Homogenisation of milk is known to cause disruption of fat globules and prevent creaming. The present
work aimed to investigate the effect of homagenisation on the rate of fouling, composition and siructure of

Jouling layers.

Homogenised and un-homagenived milk were used as test fluids. Milk was heated from 4 °C to 60°C in a
plate heat exchanger then to 70°C and 80°C in a double pipe heat exchanger consisted of a horizontal and
a rertical tube. The fouling rate in the double pipe heat exvhanger way calcnlated and expressed as the rate
of increase of the overall resistance to heat transfer, normalived using the initial heal transfer coefficient al the

beginning of the run.

Composition analysis of fonling layers was carvied ont using standard methods of moisture, ash, fat and
protein tests. Resistance to deformation analysis way performed using lexcture lests; corerage measurement

way determined by digital image analysis.

Within the experimental conditions used in this work, the effect of homogenisation on the fonling rate conld
not be ascertained conclusively becanse of large rariations in the values obtained but it had a significant effect
in the compaosition of fouling layers. In all experimental runs, the amount of fat in the fouling layer was
higher for un-homogenised milk compared to homogenised milk. In fact, the fal contents of fouling layers
were found to be very high (between 30%-60% on a dry weight basis). which agrees with observations of

other researches in New Zealand.

The corerage and thickness of fouling layers were more influenced by the orientation of heated surfaces than
by homogenisation. The strength of fouling layers is affected by their thickness, which decreases with

increasing milk temperature.

Liffect of homogenisation on fouling



Acknowledgements

This work and its completion would not have been possible without the help and support of peaple who bare,
in different ways, contributed lo the thesis and lo my life during this time. It is with pleasure that I express

my gratitude lo them.

My supervisors, Dr. Tuoc Trinh and Ms Carol Ma deserve special praise. I appreciate the generous way in
which they shared their time, knowledge, experience and wisdom, and provided me with intellectnal
challenges, guidance and encouragement thronghout the project. 1 have received their immediate and

thoughtful attention when I most needed them. I shall always be grateful to you both.

My thanks alio go to I'T support technicians Bryden Zalowm, Guy Defryn and Peter Jeffery for their
assistance with implementation of computer software and general computer enguires. Steve Glasgow for his
assistance with chemical lests and texiture analysis; Byron McKillop for helping me lo build the experimental

ouling riv and Gary Radford for orsaniving milk transport bookings and stearm for the pilot plant.
; L reg 1y { : o 24 44 :

[ am also grateful to my fellow students Mark Downey, Kheng-1lunat 1.am, Richard Croy, Hayden Bennett

and Binh Trinbh for answering my questions and for belping me with heary pilot plant jobs.

Heartfelt thanks to my kiwt family Julie, David, Alle and Michael Blackwood for their immense moral
support, company, generosily, kindness and for sharing so many early-afternoon teas with me; 1 conld not

hare found a better place to lire, indeed,

I thank my parents and sisters; withoul their endless trust, enconragement and constant phone calls, this
work would have been more difficult and the accomplishment less enjoyable. My warmest thanks to niy
[friend Fiona Chowdbury for ber constant good advise, practical expressions of support and good humonr.

My special thanks to my friend Mr. Ainul Islam for his patience, kindness and valuable help.

Finally and most of all I am profoundly grateful to my busband |abid, an inexhanstible source of help,

patience, love and understanding. I am lucky to have you in my life.

Effect of homogenisation on fouling



Vi

Table of Contents

ABETRAC T oo somonpnns s sommmnssnss s somvssn s smpmess s wann SOmmEsEessns 8 s S mns s » okovees § susms AY
NOCRNCOAW LEDGEME I TS o nt sntosusss immseions nessoss mammsssiios §1 55 s s as s s psnmes A%
EIS L RE PYGITREY .. o st im0 Ssmmmssermt S s siiee | b ionma s BRaiommas i Russ X
LIST E TABLER. . ..ot 5010 scimden b3 poncomnont sebisckmynonppiosins - Susncsindbpospstinn =i apiicest bspie docscsais XI
CHAPTER 1 INTRODUCTION Gaamnmammoimmnsimmsmems st s msissiisssiesisasinss 1
CHAPTER 2 LITERATURE REVIEW ..uussssimssnismunissionnsos s sarssnsssasmsimsecmiis o 3
2.0 INTRODIICTION ;. cisionsmsmansns sas snnsinmsninsasions sshossii skl sasiiocion rmmmseimitsmssramiensn 3
2.4, 1 Composilion oF ... o v comississvmasmmimsns sossmmissinssmss v oy i 5 s 5753 3
2R R S S PR 3
L DRI TEREY oo ottt beibasosioods ot oty e o e 4
D112 IHIIRE RIS ..o ctmniosinsimsimsiessomasis i pimisinsnsimfptmensim st esimssioss 4

2.2 EFFECT OF HEATING ON MILK........... S 4 3 A S A A 8 R S AR S 4
2.2, 1 Protein denaiuralion. .. oo ssumsrssosesmmss sy e s 0508 00585 55068 598 55965 855 505 4

2.2 1. 1 NYRE PEDIBII. - o ctirmcnssiotosioinstustssossioimioescsnss oot i i 5
e B A o o oot s e Dot o T et el BTt s o G ol T DB e S B 5
2.2.1.3 Serum albumin and Immunoglobulins (IgM)....................cooooiiii 7

2.2.2 Casein and serum proteins interactions ......................ccccccuvveeeeeseiiieeseiieeeenn. 7
2.2.3 Effect of heating on the milk fat globule membrane (MFGM)........................ 9

2. 2.4 MBUIGPE ROGCHOHE ..o iismriivimiinsissis imsmiatmmsivsnsiomeioinimsisinmsensinnietsipiuiniennints g

2.3 TEITLAINER, . oo imsmsmtotitmistiismstummeritrisinimarmtssoioinsinissosito oot simesin sttty intsbinins 10
2.3.1 Chemistry of milk fouling.........................cccc.cooioiiiiiiiiiiiiie e 10
2.3.2 Factors affecting fOUlIg POIB. .. ... coomwsecimsssnisuninssensuisusmunsmmsminan s wisss v 11
2.3.2.1 PIOOUCE PEBIDEYETS «corsimrriinioriuriirsausiseniuie ety s st nbios 11
2.3.2.2 PIOCESS PATAIICIETR. ... c.coxo e iesniime ot ittt it st st 13

2.3.3 Surface and bulk reactions.......................ccccccocuvueeeiiiiiiiiiiiiieeeiiieeeieen 15
2.3.4 Structure of fouling deposits ................c.ccccoeevveieeeeiiiieieiiieiee e 16
2.3.5 Composition of fouling deposits................cccocoveeevciueeeeeiiieieeieciieeeeeeeeenns 16
2.3.6 Fouling by different milk components ......................c.ccccveeeeeeeiiieeaaineenn. 17

Effect of homogenisation on fouling



Vil

2.3.0.1 Bertimt PEOPOIRE . oniivicsisssviniviis s s v s s e s e s SR s 17
T 1 18
I TN o R 0 N R S AR GRS 19
2364 FaL........ccconrseorsmmmrnsnsmsnarassness RN S S — 19
28BS LIRBOIBE .. ccmavsmnatmssons itk msexmn i s o A R AN o SRS AN 20

B3 T s Gl SO cvsevsiwonsupsaisusseymmss T ————————— 20

2 FOWIOG BN TS ATTOMN o sumanossusisonimossesins i o s s a3 a3 2]

b (T R S PSS 21

2.4.2 Homogenisation MeChanism .....................coccoeoiiviieariiiiiiie e 22

2.4.3 Effect of homogenisation on the milk emulSion........................cccccccoeueeiin. 23
2431 Emulsion Stability. ... 23
2.4.3.2 The Milk Fat Globule Membrane (MFGM)...........ccccocoveeiiiieniieiirennennnns 24
24,33 Homorenisotion CIISIENS .. oormmiamnmnv s s s s shsss 25
D38 LADOIUEER.. .osuovavarssmessensnnmonsnnnss s soims s s A s ss sn s n s s s s o A s RS 26

2.4.4 Effect of homogenisation on fouling...................ccccevuurveiiiinianienininisine 26

2.5 CONCLUSION ....cooiiiiiiniiiieniiieies st ssiassnsaess s sresesasessessaseasssseeaaneesarsneesnses 27
CHAPTER 3 MATERIALS AND METHODS .......cociiiiniirinrainniennnisiensesessnsnesensns 28
B b IV -0 cmiosminnen sommmsn s s e R S S S e L SR S A A s A S 28
31T Types of DL MBCHL. .....cvoirmorsimmminsmsssmisssmsssmsmasimnm sesssishdnssnsmstrs s mmessasassnns 28

3.2 MILK POWDER PILOT PLANT .......ecreeisenernsnnonssnamosneerensasessassnnsssasesansnsessssesaranans 28

320 OVEIVICW ...ttt n e 28
TR DR DAY ocvnmnuamssmmn e s e s s e N s e e SRS 29
B L | T m—— 30
3.2.1.3 Plate heat exchatBer {PHE )« ccrmursmemmmissiaunrssmsnns sosismmasmie 30
BT ) T FOIBRBE.. . i vt S arer it s o 58 s A S S R 30
3.2.1.5 Tubular heat exchanger ... 30
3.2.1.6 TRErMOCOUPIES ......oovviiiiieee e 31

3.3 PROCESS COBTRIIL ;155500505 viw5500050 0653603 8 7oA 08 3 A S S B N 32

3.3 1 Priocess Comrol COMPUIErE vasasrivismisms s s msssmis s s s v 32

3.3 2 SUALIE SHIII v vsarrxronsesmomsnsnssassemsosmmsssmsssmsssss drkinasnsteb RsRabESh Suiaan s Srtoiin 32

3.3.3 Digital CAMEFQ................c.oooveeieiiiiiiiie e 32

B30 POOTIRIE THIALE. .. oo isusssiemss s s s e s s v SRS o P s s 32

341 Uperaing CottlilIONS .ucvorsnamiimenssvesm s s e s A i mis 33

Effect of homogemsation on fouling



Vit

3.4.1.1 Procedures prior 10 €XPETIINCILS ... cossnevssssmsssmmismsmnss spsssnssnsn sxavnsssss 33
3.4.2 Collection of Jouling Geposiis.. ..o s ssemass puvssviseas s ssvoyass 34
3.5 COMPOSITION ANALYSIS.....ccccvteeraureeeersueesunreisseesesssssessesssssessansasesssesesannenes sanness 35
3.5, I Moistire delermlBIGIION. .. s csoses soaws i vos o swessosiosn s s o s oo ovs 695305053 593 585 4558 33
3.5.2 Protein deterMinalioN..................ccccoeeeiiiieiieiiiiiiiieiiiieeeeeiie e e e e 33
3.3, 3 Fatt e lormmimBITam s icon v s s exsesionsin ssmmn e ey s 615088 643 438 50333 a0 3588 35
3.5 8 Anlt dolBTTIIAIIOI s vvvs s v somsswiwsies st s tosios's sy o o s vom <o i 35
3.6 PHIYBICAL KNIAENBIE. . ..o o s s o s st i s s i i s s e 36
A T S ———— 36
3.6.2 Determination of fouling coverage.....................cccccccceeeiiviiiiiiiiiiiieeeeenn. 36
CHAPTER 4 RESULTS AND DISCUSSION. ......ccccmmeamrmaesmssorassassasssncsssnsssssosssons 38
Bl T TR . 0300 0 o R i i e A AR oo PR 0 G 8 38
4.2 EFFECT OF HOMOGENISATION ....ccciutitiiiieiiiiiiniitneeseeniesieeesiineeesnesenieesssesnsesnenens 38
4.2.1 Effect of homogenisation on the composition of fouling layers .................... 38
4.2.2 Effect of homogenisation on the fouling rate......................cc..ccccocoininn. 42
B2 2.1 WETEHE Ol IO ...cocoocominn i o chomsimionsion oo s s e st Boies s s 42
4.2.2.2 Heat transfer reSistance CUTVES ..........ccooovuuriirierriieeniiieeaieeenieceseiieeeens 43
4.2.2.3 Coverage and thickness of fouling deposits............cocceevnvieriirieeercnennnn. 45

.0 ERTELT OF TERPERS TURE .o mmnomsubnme o neis s ssmtsiinis S s s st dhss 48
4.3.1 Effect of temperature on the composition of fouling layers........................ 48
4.3.2 Effect of temperature on the resistance to deformation of fouling layers ..... 48
4.3.3 Effect of temperature on the fouling rate............................c.ooooeeeveeieeiinnnnn. 50
4.3.3.1 Effect of temperature on the coverage of fouling.................................. 50
4.3.3.2 Effect of temperature on thickness of fouling layers............................. 51

4.4 EFFECT OF ORIENTATION OF HEATING SURFACES ON FOULING ......ccccviviiiniiiiinnnn. 53

4.4.1 Effect of orientation of heating surfaces on the composition of fouling layers

............................................................................................................................ 33
4.4.1.1 Fat migration mechanism in the horizontal tube ............................... 53
4.4.1.2 Hypothesis of fat migration mechanism in the vertical tube.................. 54

4.4.2 Effect of orientation of heating surfaces on the strength of fouling layers.... 56
4.4.3 Effect of orientation of heated surfaces on the fouling rate.......................... 57
4.4.3.1 Effect of orientation of heated surfaces on coverage of fouling............. 57

4.4.3.2 Effect of orientation of heating surfaces on thickness of fouling layers 58

Effect of homogenssation on fouling



1X

CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS .......ccoocceeiiiiinninnen. 59

T I G 005 ) 1 A=) 59
5.2 RECOMMENDATIONS FOR FURTHER WORK ... oouiieiieeeiieeieaeeie e e ee e aaeiaeenes 60
B <7 O 0 0 G T G L U s e S S S SIS NS IS S S R S 61

APPENIMECES. «vovsvvsvsvwsnne I — — — R—— IR——— 67
APPENDIX Al CALCULATION OF THE AMOUNT OF THE SKIM MILK USE TO PREPARE UN-

{5 0 I L0 LS o B O GO S R R U WOt S RSNT - O SN g 67
APPENDIX A2 THERMOCOUPLES CALIBRATION PROCEBDURE. .covmmmmmmswsmsamemsvinmesimab 63
APPENDIX A5 MOISTIURE APENTEIE. . s armmms s oo sm s o s i s et S 0 s S0 s e 69
APPENIC AL PROTEIIN ATIATNESTS ircmssesisssmsnmnsmammmyimsn s asstssos s s mamssissish s s 71
R T B R N 6 e I 2 R T 2 S R S S S PR R s 7
APPERII A ANEL PTAIL ST - ocsmims ms s s s eesos e oo s A A e S A SS90 i T

APPEMBIX AT TEXTERE ANAE N SIS i ey o o v e b o T G 8 S0 s Ao D R e v s D
APPENDIX A8 FOULING COVERAGE ANALYSIS BY SIGMA SCANPRO. ....coovimniancinrimennns 31
APPENDIX 9 NULL HYPOTHESIS ANALYSIS FOR THE WEIGHT OF FOULING .. couiviviiee . 82
APPENDIX 10 CALCULATION OF OVERAL HTC AND HEAT TRANSFER RESISTANCE..........84
APPENDIX 11 COVERAGE OF FOULING FROM HOMOGLENISED AND UN-HOMOGENISED
IV oo e 58 R T T3 S S T R 85
APPENDIX 12 NORMALISEDHEAT TRANSFER: RESISTANCE CERVES wwawimsisns vaiiias 00

Effect of homogenisation on fouling



List of Figures

FIGURE 2. | DIAGRAMMATIC REPRESENTATION OF THE EFFECT OF HEAT ON THE PROTEINS

OF NORMAL SKIM MILK AT DIFFERENT PH VALUES ....ooeiioii e eeeeeeveins 8
FIGURE 2.2 SCHEMATIC REPRESENTATION OF AN AIR BUBBLE IN THE FOULING PROCESS OF
MILK ON A HOT STAINLESS STEEL SURFACE ..coitii et iieiii e ettt 12
Ficure 2.3 EFFECT OF TEMPERATURE OF SURFACE OF FORMATION OF DEPOSITS. ................ 14
FIGHRE 24 EXPERINMENTAL: POULTNG CURVIE, e s i et s s s s s 21
EiISORE L S BTORE S BRUATI. ... coommvcsmmmsummuosmmamsmsims oo a s i s s o i g 22
FIGURE 2.6 MAJOR MECHANISMS OF EMULSION INSTABILITY ...ovvvieee e 24
FIGURE 2.7 THE NEW FAT GLOBULE MEMBRANE FORMED DURING HOMOGENISATION ..... 25
FIGURE 3.1 SCHEMATIC REPRESENTATION OF EQUIPMENT SETUP ..oovvviii e 29
FIGURE 4.1 FAT CONTENTS OF FOULING LAYERS FROM HOMOGENISED MILK (A) AND
HOMOEEREER ML, ..o s 39
FIGURE 4.2 PROTEIN CONTENTS OF FOULING LAYERS FROM HOMOGENISED MILK (A) AND
UNHOMOGENISED MILK (B) ...t 40
FIGURE 4.3 ASH CONTENTS OF FOULING LAYERS FROM HOMOGENISED MILK (A) AND UN-
3T T ] SRS e T A ) R S — |
FIGURE4.4 HEAT TRANSFER COEFFICIENT (HTC) FOR FOULING FROM UNHOMOGENISED
MILK AT 60°C IN BOTH HORIZONTAL AND VERTICAL TUBES ....eovvveiiieeiiieieeiiiieeeins 43
FIGURE 4.5 HEAT TRANSFER RESISTANCE OF FOULING FROM UN-HOMOGENISED MILK.
INEET TEMPERATURE! BOFIT. . xosvonsmsmencssmmmmnssmessmme s 550 s m e s s 44
FIGURE 4.6 COVERAGE OF FOULING LAYERS FROM HOMOGENISED (A) AND
UNHOMOGENISED MILK (B) 111 eeeeeeiseeernernerersiessessiessosesisssnsssssnsmnsassssssmssesmmssmsssssmemmns 46
FIGURE 4.7 THICKNESS OF FOULING LAYERS FROM HOMOGENISED (A) AND UN-
BERIDEENTERRIIE I . mmmmmamm s s s 47
FIGURE 4.8 TYPICAL STRAIN-STRESS CURVE SHOWING THE SLOPE AND THE BREAKING
POINT OF A FOULING SAMPLE ON THE TOP OF THE HORIZONTAL TUBE. ..ovovvvvveivinnin. 48
FIGURE 4.9 RESISTANCE TO DEFORMATION OF FOULING LAYERS FROM HOMOGENISED
MILEK (A) AND UN-HOMOGENISED MILK (B) i sco0sissssasssnovsnsussnsssssissvsssinssaassasvinss 49
FIGURE 4.10 FOULING LAYERS FROM HOMOGENISED MILK IN THE VERTICAL TUBES
FORMEBR AT 60°C (A) AT 70°C (BYANDAT 80%C (C): wivvimsvininssimssmsssmnsssisvasin 51
FIGURE 4.11 FOULING LAYERS FROM UN-HOMOGENISED MILK IN THE VERTICAL TUBES
FORMED AT 60°C (A), 70°C (B) AND 80°C (C)...uvnvviniiieiciiiieeeieeeeiesiei e 52
FIGURE 4.12 MECHANISM OF FAT MIGRATION IN A HORIZONTAL TUBULAR HEAT
EXCITANEDR.... ..o e simesmsmsssmmssmenstinsimm i e e siem st s s st s A Ay R S s 54
FIGURE 4.13 EXAMPLE OF FOULING LAYERS ON THE TOP OF A HORIZONTAL TUBE.......... 56

FIGURE 4. 14 FOULING FROM HOMOGENISED MILK IN THE HORIZONTAL TUBE AT 60°C,
SHOWING PARTIAL COVERAGE ON THE TOP SIDE (A) AND TOTAL COVERAGE ON
BOTTOM SIDE (B, ....nuvusai s sovisieneis soviomsss s i s s s sssasves 58

Effect of homogenisation on fouling



List of Tables
TABLE 2.1CLASSIFICATION OF TYPE “A” FOULING DEPOSITS .....oovvuiiiiiiieeeieieeeeeeeeeeenn 17
TABLE 2.2 SUMMARY OF FAT COMPOSITIONS IN FOULING DEPOSITS .....eevviiiieeeeeiieeeeee 17
TABLE 3.1 OPERATING CONDITIONS OF FOULING TRIALS ......oiiiiiiiiiiiiieeeeeeeeeeeeeeeeaee 33
TABLE 4.1 DRY WEIGHT OF FOULING DEPOSITS FROM HOMOGENISED AND UN-
HOMOGENISED MILK ...t e 42
TABLE 4.2 RATES OF FOULING FROM HOMOGENISED AND UN-HOMOGENISED MILK......... 44

Effect of homogenisation on fouling



Chapter 1 Introduction

Liquid milk 1s a major food item in all developed dairying countries, representing 30%0 of
total milk production (Fox and Guinee, 2000). The remainder is processed mnto one of
several thousand products, making dairy products the most diverse and flexible group of
food products. The flexibility of milk as a raw material resides in the chemical and physico-
chemical properties of its constituents, many which are unique and therefore, there 1s the
need for specific knowledge of milk constituents and the effects of various processing

treatments on them.

In fresh whole milk the fat 1s present in the form of globules that are surrounded and
stabilised by their own membranes. This membrane can be altered during processing, e.g.
by homogenisation, where the newly created fat surface 1s coated by adsorbed proteins,

mainly casemns (Walstra and Oortwyn, 1982; McCrac ¢/ al., 1994).

Homogenisation lies at the heart of dairy processes. It improves the mouth-feel of
consumer milk and distributes the cream throughout the milk, thus preventing the

formation of a cream lne.

Milk fouling in heat exchangers 1s a very important issue for the dairy industry. Fouling
reduces the rate of heat transfer from the heating medium to milk and increases the
pressure drop across the heating equipment used. In addition, fouling layer can act as a
harbour for bacteria growth, potentially compromising milk product’s sterility and safety
(Hinton et al., 2002). Plant cleaning involves the use of expensive chemicals and combined
with the reduced process run times, means that high rates of fouling can have a significant

economic impact for the milk processor.

The fouling deposit mainly consists of fat, proteins and minerals. The composition of
fouling layers in most overseas studies 1s dominated by proteins (B- lactoglobulin) and
minerals (calcium phosphate). However, recent studies (Truong e a/, 1996; Fung, 1998 and
Ma and Trinh, 1999) have shown that fouling layers from New Zealand milk contain
considerably more fat, between 40% and 60%o, than overseas (4”0 -80). The reason of this

difference 1s still being studied.
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Previous studies have shown that fat plays an important role on fouling. The rate of fouling
increases with the increasing amount of fat present in milk (Ma ez a/, 1999) as well as the
amount of damage to the fat globule membrane (Fung, 1998). However it is still unclear

how homogenisation could affect the fouling behaviour.

The objective of this work was to investigate whether the changes caused by
homogenisation 1n the structure of fat globules does have an effect on milk fouling. Two
areas of study were included: effect of temperature and effect of orientation of heating
surfaces. The rate of fouling, composition and strength of fouling layers were used as

parameters of measurement of fouling.

This work 1s divided 1nto five sections. Chapter one outlines the fouling problem and its
implications in the dairy mdustry. Chapter two gives a general assessment of the effect of
heating on the different milk components as well as the role of milk fat globules in the
formation of fouling deposits. Chapter three describes the resources and methodology used
for the development of this research. Chapter four shows and explains the results obtained
in this work. inal conclusions and recommendations for further work are given in chapter

five.
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