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behorend bij het proefschrift
Modelling and Optimization of Thermal Processes in the Dairy Industry
P. de Jong

Het eiwit B-lactoglobuline in gedenatureerde en nog niet geaggregeerde
toestand speelt de sleutelrol bij de chemische vervuiling van apparatuur
ten behoeve van de warmtebehandeling van melkprodukten.

dit proefschrift

Omdat de genetische varianten van $-lactoglobuline in melk met elkaar
kunnen aggregeren, heeft het weinig zin om de denaturatiekinetiek van
deze varianten afzonderlijk te bepalen.

H.G. Beyer, Thesis Technical University Munich (1990)

Uit het oogpunt van produktbeschadiging is het injecteren van melk in
hogedrukstoom te prefereren boven het injecteren van hogedrukstoom in
melk.

C. Esnouf & E.A. Mansour, Lait 70 (1990) 233-254 en dit proefschrift

Een belangrijk gemis bij de optimalisatie van produktieprocessen in de
voedingsmiddelenindustrie is een goede mathematische beschrijving van
de acceptatie door de consument.

De communicatie over chemische en biochemische reacties tussen
chemisch-technologen en levensmiddelentechnologen zal vergemakkelijkt
worden wanneer de laatsten de grote verscheidenheid aan gehanteerde
kinetische constanten beperken tot de reactieorde, de activeringsenergie
en de pre-exponentiéle factor.

De wetenschap probeert slechts een vaste grond te vinden der dingen die
men ziet.
Hebr. 11:1

Wanneer modellen te ver worden geéxtrapoleerd, verandert wetenschap
in een wankel geloof. Dit staat in contrast met de stelligheid waarmee de
hypotheses van prehistorici worden verdedigd.
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Wanneer een tak van industrie in enig land de resultaten van zijn, op
basis van de landelijk verwerkte hoeveelheid grondstof gefinancierde,
centrale onderzoeksinstelling in toenemende mate gaat gebruiken ten
behoeve van buitenlandse vestigingen, verdient het aanbeveling om bij de
financiering van de onderzoeksinstelling ook de verwerkte grondstof in
de buitenlandse vestigingen in rekening te brengen.

Door de regeringsnota "Kennis in Beweging" dreigt de kennis te bewegen
van het als voorbeeld gestelde vraaggestuurde onderzoek bij NIZO naar
TNO dat nog "de markt op moet" en een lagere kennisintensiteit op
zuivelgebied bezit.

N. van Grieken, Zuivelzicht 87 (1995) (21) 9

In onze westerse maatschappij wil men zelfs de wetenschappelijke onder-
zoeker doen geloven dat geld gelukkig maakt.

De relatie tussen de ontwikkeling van de muziek en de ontwikkeling van
de letterkunde is het meest treffend bij minimal music welke geinspireerd
lijkt te worden door telefoonboeken.

Als de stelling juist is dat het veelvuldig gelijktijdig gebruik van beide
handen en voeten de intelligentie verhoogt, heeft dit een belangrijke
bijdrage gehad aan de totstandkoming van dit proefschrift.

D. Grunwald, De muziek van de speler. Haarlem, De Toorts (1992)

Delft, 29 januari 1996
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General introduction




2 GENERAL INTRODUCTION

Abstract

In the dairy industry, physical, chemical and biochemical phenomena are the basis for
the strong relation between the product quality and the process operation and design.
This is particularly valid for heat treatment, where a number of heat-induced
transformations of milk components determine the functional properties of the final
product. Not only the product quality is affected by the heat-induced reactions, also
fouling of equipment by deposit formation on walls is governed by specific reactions of
millk components. These typical undesived reactions reduce the heat transfer coefficient,
increase the pressure drop over beat treatment equipment and increase product losses,
resulting in higher operating costs.

With respect to the design and operation of beat treatment equipment in the dairy
industry the following objectives were defined by the Netherlands Institute for Dairy
Research: (i) development of a methodology for optimization of heat treatment
equipment with respect to product quality and fouling of equipment walls; (i1) intro-
duction of the knowledge obtained into the dairy industry by the development of
versatile computer programs. It is assumed that the beat treatment equipment can be
considered as a cascade of model reactors.
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1.1 Introduction

Chemical reactor engineering is not counted as one of the classical disciplines in
dairy science. Nevertheless, in the dairy industry, physical, chemical and bio-
chemical phenomena are the basis for the strong relation between the product
quality and the process operation and design. This is particularly valid for heat
treatment, where a number of heat-induced transformations of milk components
determine the functional properties of the final product, e.g., biological safety, shelf-
life, flavour, taste and texture. Fresh milk, cheese, milk powder, fermentation
products such as yoghurt, etc., all require a different heat treatment, i.e., a specific
temperature-time history.

The heat treatment or pasteurization of milk derives its principles from the
work of Louis Pasteur (1822-1895). In 1864 he developed a method to prevent
abnormal fermentation in wine by destroying the organisms reponsible by heating
to 60 °C. Since 1880, milk for babies has been heated to reduce the risk of infection
by heating milk in a continuous flow to temperatures of about 60 - 75 °C. A
hundred years later the International Dairy Federation gives the following definition
of pasteurization: ‘Pasteurization is a process applied to a product with the objective
of minimizing possible health hazards arising from pathogenic micro-organisms
associated with milk by heat treatment which is consistent with minimal chemical,
physical and organoleptic changes in the product.” Today the basic heat treatments
in the dairy industry can be summarized by five types: thermization (e.g., 20's,
65 °C) for inactivation of psychrotrophic micro-organisms, low pasteurization (e.g.,
20 s, 72 °C) for inactivation of pathogenic micro-organisms, high pasteurization (e.g.,
20's, 85 °C) for inactivation of all micro-organisms but not spores and finally
sterilization and UHT (ultra-high-temperature) treatment (e.g., 30 min, 110 °C; 5 s,
140 °C) to destroy spores. The effect of the heat treatment on the final product
quality depends on the combination of temperature and time applied; this deter-
mines the equipment selection.

Not only the product quality is affected by the heat-induced reactions, also
fouling of equipment by deposit formation on walls is governed by specific
reactions of milk components. These typical undesired reactions reduce the heat
transfer coefficient, increase the pressure drop over heat treatment equipment and
increase product losses, resulting in higher operating costs.

As a result of the complexity of the milk reaction system the design and opera-
tion of equipment for thermal treatment of milk have been based mainly on
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simplifying assumptions and empirical experience. However, now that kinetic data
of relevant transformations are becoming available, a reaction engineering approach
appears to be applicable to the optimal design and operation of dairy heat treatment
equipment [1].

1.2 Design of heat treatment equipment

In the dairy industry two major types of heat treatment equipment can be
distinguished according to the heat-exchange system which is applied. These are the
so-called direct and indirect heating systems with respectively steam and hot water
as the heating medium. Which type of heating system is selected mainly depends on
the desired heating rate; the direct system is used for high heating rate (10 -
100 K/s), the indirect system for lower rates (0.01 - 10 K/s).

With both direct and indirect systems, a part of the heat transfer is achieved in
the form of heat recovery, i.e., heat is extracted from the product to cool it from
the heating temperature and is transferred to the incoming product. Heat recovery
results in considerable energy savings and is therefore an important factor in
operation costs [2].

1.2.1 Indirect heating systems

The indirect heating systems can be subdivided according to the shape chosen for
the heat transfer surface. The heat exchanger can consist of an assembly of plates,
or of a tubular heat exchange system.

Figure 1.1 shows schematically the operation principle of a plate beat exchanger.
The specific surface texture of the plates increases the degree of turbulence and thus

L)
-

heating or—y product
cooling medium

L

Figure 1.1 Operation principle of 3 plate heat exchanger
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stimulates the heat transfer. The plates are assembled in packs and clamped in a
frame, each adjacent pair of plates forming a flow channel with the two media
flowing in alternate channels. Different channel grouping can be chosen to give the
desired pressure drop characteristics and flow pattern [3].

The tubular heat exchangers used are mainly of two types: concentric tube
exchangers and shell-and-tube heat exchangers. Tubular systems are more robust than
plate heat exchangers, but the specific heat exchange area (area per m’) is smaller
than that of plate exchangers, and mainly natural turbulence as a result of a high
Reynolds number can be used to improve the heat transfer coefficient.

1.2.2 Direct heating systems

With direct heating systems the heating is performed by mixing the product with
steam under pressure. The steam condenses, transferring its latent heat of vaporiz-
ation to the product and giving a much more rapid heating rate than is available
with indirect systems. After the required time at the heating temperature, the
product is expanded through a restrictor into an expansion cooling vessel to realize
similar rapid rate of cooling.

steam vacuum
(a)
milk IN »é—w—»
injector restrictor
milk OUT
(b} milk IN
vacuum
steam [
—G—]
deaeration R
restrictor
milk OUT

Figure 1.2 Schematic representation of injection (@) and infusion (b) heating systems
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There are two types of system, depending on the method used for mixing the
product with steam. Figure 1.2 gives a schematic representation of the two systems.
In one type (Figure 1.2a), steam, at a pressure higher than that of the product, is
injected into the product stream through a suitable nozzle and condenses to give the
required temperature. This system is called the injection or steam-into-product type.
Alternatively (Figure 1.2b), a vessel is pressurized with steam. The product is
sprayed into the top of the vessel and while it falls, steam condenses on the product.
This system is called the infusion or product-into-steam type.

1.3 Heat-induced reactions in milk

During the heat treatment milk behaves like a complex reaction system; Table 1.1
gives an outline of the components in milk. A large number of chemical, physical
and biochemical reactions take place. Some of these transformations are important
because they change those characteristics of milk that are easily recognized by a
potential consumer. Others may change the nutritional value and increase the
biological safety of the milk, or may be of use as an indicator to assess the severity
of the process applied.

Table 1.1 Approximate composition of milk [13]

Component Average
percentage (w/w)

Water 87.3
Fat (triglyderides) 3.9
Carbohvydrates flactose) 4.6
Proteins (caseins, g-lactogiobulin, a-lactalbumin, 33
bovine serum albumin, immunoglobulins)

Minerals (sodium, potassium, calcium, phosphate, citrate) 0.7
Miscellaneous (enzymes, vitamins, trace elements) 0.14

1.3.1 Bulk reactions

The heat-induced reactions in the bulk of the milk can be subdivided into five
groups: destruction of micro-organisms, inactivation of enzymes, denaturation of
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proteins, loss of nutrients and formation of new components. Most of the reactions
can be described by a single irreversible reaction step

A-B

with the rates of disappearance and formation given by a standard reaction rate
equation

TA = _kCA}f’ ’VB = —VA (11)

The way in which the reaction rate constant £ is affected by temperature is impor-
tant in determining the extent of the overall conversion after heat treatment.
Although in the dairy industry several relations are used, particularly with the
destruction of micro-organisms [2, 4, 5], the most appropriate description of the
temperature dependence is given by the Arrhenius relationship [6].

k = kgexp(-E,/RT) (1.2)

The kinetic parameters by and E, are dependent on the reaction involved and the
composition of the product. Table 1.2 gives an overview of the available kinetic
constants of the heat-induced reaction, partly calculated from experimental data
reported in literature.

Destruction of micro-organisms

According to the high activation energies (> 300 k]J/mol) of most of the reactions,
the required destruction of micro-organisms is strongly dependent on temperature.
A slight increase in temperature causes a relatively much higher reaction rate
constant, i.e. destruction rate. Since destruction is assumed to be a first order
reaction, the degree of destruction is generally expressed as the number of decimal
reductions (log Ny/N) of active micro-organisms, independent of the initial concen-
tration.

Inactivation of enzymes

In general the inactivation of enzymes is a desired reaction because of their negative
effect on the flavour and shelf-life of the dairy product. However, some enzymes
stimulate the development of flavours. An example is xanthine-oxidase, which has



% 00L SE PaUIAP S| MW MeJ Ul AJIARde awAzud
"e3ep [EUSWILISAXa Pays)iand Loy paleinojed ,

GENERAL INTRODUCTION

o2t L £99 LIAA4 06-0L - Al asepIxoJdad
LL 12 £8 9L’z osL - Al Suaosaionij sewiouopnasd asediy
9L l 16 09°2¢ 0oslL - Allw sewiouopnasd asedin
ell 12 (022 0L°gS 06-09 - AW asedn
12 2 SLe £1°G6 28-09 - Al asejeydsoud
et 2 (745 oL'vel 0L-0S - A UISOWAUd
efl L 62S .08l 08-09 q A ase|ejed

SBWAZUS JO UONEBAOEUl

6 L oge LLTLL 06-09 - Alw snajn} sn22030.01N
L L SL¢ zvess 08-S - WEBID JBS %0V

b L 8L¢s zeesL 28-29 - w 100 eyouayss3
oL L 15¢ 0s'£0L £11-v0L - AW 3. %S saiods wnulinoq WnipLj3sold
6 2 v'sve sLiolL ovi-00L - M sa10ds snjydowiayl0.eals snjjizeg
8 l 605 6Z°LSL gzLollL - At salods sueinbeod snjjoeg
el L Sr6L z6'L6 OL1-S6 - Al saJods LOA snatad snjjoeg
el L v'6LL LY9S SOL-06 - A salods LOA snaJed snjjioeg
wc._m_cimﬂo.o._o_c._ 30 uononIlsea

Q) 1/6) Mt

J3pdo (jowi/n) abued ainy u| uojjenl
gEY] uoijoeay €5 Oy uy -eladwiay -ua’uo) WIBJSAS jusuodwio)

ainjela))] Ui ajgejieae MyliW Ul SUOKIBaJ JOJ SJUBISUOD J118UN 40 MAIMIBAO Z°L alqeL



CHAPTER 1

% 00L SE Paulap S| AW Med Ul AJIAIOE SWAZUS
e3ep [eauaLIadXe paysiand wols Paeindled ,

q

[44 4 60L LL8 09L-02L 882 Alw (P1de ouIwe) auisAl
1l 8l 243 v9°0ZL 58-5L zs A
(074 S'L 174 99°CL 0S1-06
oz sl 08z £v'68 06-0L ze MBS unngoibo3oeT-¢
(074 L 69 G691 051-58
(074 L 692 268 S8-0L [AA ANwwipis ulwngjeoel-o
SL L 0L L2vS 28-9L
sl L sl 85706 9.-09 Lo Mw ungolsounwwi
mm_\_m_\ L 6y 8L'gL 0slL-Z8
SL L 08 89'¢C 28-09 70 ANwus uiwngle wnJas ujrogd
50133040 30 UGHEINEUSd
gL L 08¢ 6c’LiL 08-09 - Alw asep|xo-auiujuex
8L l Lot v9'0Z 05L-0L - AW SUI59IONY SEUOLIOPNSS 8Sea10.d
6 4 9 6L'SL 0SL-0L q Al 2sea104d
(DaNURUOD) SOWAZUS JO UOTEADIEU]
Qo) 1/6) i
JopJo qow/n abues any ur uones
49y uopoesy i O u  -esedwal -U8ouo) Wa3sAs JusuodwWwo)

(PBNUIIUO0I) 2INJRIBII| Ui SjCEIBAR M{ILUL UI SUOIIOE3S JOJ SIUBISUOD J1IBUD JO MBIAIBAOD T°L 9jqel




GENERAL INTRODUCTION

10

"MOJIA-UMOIQ = 0L ‘MOJ|9A-UOLES = b 'AIOAI JUBI = Z “(PIOYSDIL) UO[3Aa4ad) JNOJOI Ul aBUBYD OU = |

6 0 v'LoL 6£°8L 0¢L-OLL 0 Allw auluejeouisAl
6 0 20oclk 2502 SrL-09 0 A asojnyoe]
44 (o} 6l ¢L0g 09L-0gL

6 0 L'ssl Lsog 0gL-SL 0 A HWH) [BIN3INJAUIBWAXOIPAH-S
6 0 918 1091 0SL-0ZL 0 A uIsouny
(24 0 9L 6062 091-0S 20 Al inojod
SJUBUOAIU0D MBU JO UONewod
[#4 4 8004 8,62 0osL-0gL e.o_‘.w Altw ulwelyr
SIUSLINU JO 5501

Qo) I/6) w

JapJio aow/mh abuel auny ui uopesn
'J93  uopoeay %3 Oyu -esedwsy -ug2uod Wi9IsAs Jusuodwo)

(Panujjuog) sanjelalll ul ajgejleae Jliw Ul SUOIJOE. 104 SJURISUOD 133Ul JO MBIAIBAQ T°L Blgel




CHAPTER 1 11

a positive effect on the quality of cheese during ripening [23]. The degree of
inactivation is expressed as a percentage of the initial enzyme activity.

Denaturation of proteins

The most reactive proteins in milk are the whey-proteins: serum albumin,
immunoglobulin, a-lactalbumin and f-lactoglobulin. Especially the denaturation of
B-lactoglobulin is strongly related to many functional properties of dairy products
[21]. For example, the texture of yoghurt is improved [24] and the solubility of
milk powder is decreased with the denaturation degree of B-lactoglobulin [21].
Although the denaturation is recognized as a complex reaction with many reaction
steps [25], it can still be quantitatively described with one overall reaction. This
explains the broken orders in Table 1.2.

A special case of protein denaturation is the flocculation of casein micelles as a
result of dephosphorization, partial hydrolysis and several cross-linking reactions at
high temperatures [13]. Up till now there are no quantitative models available with
reasonable accuracy.

Loss of nutrients
The major nutrient which is lost due to heating is thiamin (vitamin B,). For
example, in the case of UHT-milk the loss of thiamin should be less than 3% [5].

Formation of new components

In general the formation of new components is undesired and is governed by the
Maillard reaction. The Maillard reaction is a complex series of steps [26] in which
reactions occur between lactose and proteins. Various pathways lead to the
production of brown pigments which are responsible for the brown colour of
heated milk. In some cases, e.g. for coffee-creamers, this colour formation is a
desired phenomenon. Hydroxymethylfurfural (HMF) appears in the early stages of
the Maillard reaction and it has been suggested as a measure of the severity of the
heat treatment to which milk has been subjected [2].

1.3.2 Surface reactions
The transformations of some milk components in the bulk have an additional

undesired effect: deposition of milk components on heat treatment equipment walls.
The exact mechanism of deposition is presently unknown and there are no
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mathematical models with sufficient physical background which can be applied for
process optimization. However, the correlation between protein denaturation and
fouling of heat exchangers has been confirmed by several investigators [27, 28, 29].
It appears that particularly the denaturation of B-lactoglobulin plays an important
role in the fouling process of heat exchangers.

1.4 Reaction engineering approach

In general terms the heat treatment of dairy products can be described by a cascade
of non-isothermal reactors (see Figure 1.3). They are non-isothermal because of the
temperature changes in the product during the process. The quality of the final
product depends on the conversion of the so-called key-components; in Figure 1.3
these are indicated by A, B, D and E. For example, the texture of yoghurt is related
to the degree of denaturation of the protein B-lactoglobulin and the consumer
desires a fresh product without pathogens: objectives that make different demands
of the heat treatment.

On the one hand the conversion of key-components like -lactoglobulin and
pathogens is determined by intrinsic factors like kinetic constants which describe
the temperature dependence of the reaction rate. Concerning the control of func-

——

® temperatures

o flow

® additives (stabilizers,
proteins efc.)

. CASCADE of NON-ISOTHERMAL { &
raw material ? REAGTORS fmaép)roduct
Cro Cao Coo Cea == - =] C1 G G
ntinsic 7

e functional properties
(texture, stability, shelf-
life, organoleptic
properties)

® microbial safety

& composition

® kinetic constants
® equipment design
o RTD

Figure 1.3 General reaction engineering approach to the heat treatment process in the dairy
industry
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Reaction rate

A

high conversion
component B

high conversion
component A

P Temperature

Figure 1.4 Principle of selectivity

tional properties of the final product it is important to minimize the effect of a
residence time distribution (RTD) of liquid volume elements on product
composition and quality. On the other hand there are the extrinsic factors like tem-
perature, flow and additives (stabilizers, proteins, etc.). Most of these factors are easy
to change during the operation time and are therefore used for process control.

In general the reaction rate increases with temperature. Since the temperature
dependence differs for each reaction it is possible to find the optimal temperature
profile in the equipment with the aid of numerical optimization routines. This
means a high conversion of the desired reactions and a low conversion for the
undesired ones. For example, when in Figure 1.4 component A represents a
pathogenic micro-organism and component B a nutrient, a short heat treatment at
high temperature will result in a better final product. The UHT-procedure is based
on this principle. By integration of a quantitative fouling model in the optimization
procedure it becomes possible to obtain the desired conversion of the key-
components and simultaneously to reduce energy, cleaning, depreciation and
emission costs.

1.5 Objectives

With respect to the design and operation of reactors in the dairy industry the
following objectives are defined: (i) development of a methodology for optimization
of heat treatment equipment with respect to product quality and fouling of equip-
ment walls; (ii) introduction of the knowledge obtained into the dairy industry by



14 GENERAL INTRODUCTION

the development of versatile computer programs. It is assumed that the heat
treatment equipment can be considered as a cascade of model reactors.

1.6 Structure of this thesis

In Chapter 2 a quantitative two-stage reaction model for the denaturation of -
lactoglobulin is described. The kinetic constants are based on experimental work.
Results are given from exploratory experiments which were carried out to survey
the effect of the denaturation of B-lactoglobulin on the fouling of heat treatment
equipment. Referring to these first results, in Chapter 3 a reaction model is
introduced which describes the deposition of milk components on equipment walls.
The deposition rate is correlated with the concentration of unfolded $-lactoglobulin,
an intermediate component of the denaturation reaction.

Chapter 4 gives a description of HeatCARD: a computer program for simulation
of concentration profiles and deposit distributions in heat treatment equipment as
a function of the operating time. In Chapter 5 a mathematical optimization method
with respect to operating costs and product quality is introduced. The application
of this method is demonstrated by a case-study in which a standard UHT plant is
optimized.

In Chapter 6 the operation of a steam infuser is evaluated with respect to
protein denaturation and deposit formation. A mathematical model is given which
describes the heat and mass transfer to milk. Finally in Chapter 7 the significance of
the results is discussed and demonstrated by some research projects in the dairy

industry.

Notation

Symbols

C Concentration (g1, actual unit depends on the unit of the initial
concentration)

E, Activation energy (J:mol )

k Reaction rate constant (I-g(7)-s'1, actual unit depends on the unit
of the initial concentration)

ko Pre-exponential factor (1*1-g(7).-s'1 actual unit depends on the unit

of the initial concentration)
n Reaction order
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N Number of micro-organisms

r Reaction rate (g1l

R Gas constant, 8.314 (J-mol" 1K™}

T Temperature (K)

Subscripts

A, B Components

0 Initial value
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Abstract

A quantitative model is developed which describes the denaturation of B-lactoglobulin
(B-lg) as rwo consecutive reactions: unfolding and aggregation. The kinetic constants are
obtained by a reinterpretation of experimental results in the literature. The aggregation
is described by a second order reaction with an activation energy of 288.5+5.7 kJ/mol
for temperatures below 90 °C and 54.7+0.5 kJ/mol for temperatures up to 150 °C. It
turns out that the two-stage model gives a good description of the reported experimental
data.

Results of fouling experiments show the importance of quantifying the concentration
of unfolded B-lg and support the hypothesis that the local fouling rate in heat treatment
equipment is related to the local concentration of unfolded B-Ig.
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2.1 Introduction

During the processing of milk, milk concentrate and whey, heat treatment changes
characteristics such as stability and texture of the product. The major driving force
of this phenomenon is the heat-induced denaturation of the whey proteins: bovine
serum albumin, immunoglobulins, B-lactoglobulin and a-lactalbumin [1, 2], with 8-
lactoglobulin (8-lg) as the dominant representative. The importance of the
denaturation of B-lg is evident from the numerous relations between its degree of
denaturation and specific physical properties of the product found in the literature.
Examples of these properties are: the viscosity of milk concentrate [3, 4], the texture
of yoghurt [5, 6, 7], the stability of fat globules after homogenization [8, 9] and the
formation and stability of foams [10]. The denaturation of B-Ig can also induce
deposit formation on walls of the heat treatment equipment [11]. This undesired
effect causes increased operating costs due to a decreased running time of the
heating plants, product losses, etc. Knowledge of the denaturation behaviour of -lg
is a key requirement for setting up operating conditions to minimize undesired
effects and to optimize desired effects. A study of the kinetics of the reactions of
protein denaturation should allow the development of a quantitative relationship
between denaturation behaviour and technological consequences.

In this chapter a quantitative model is developed which describes the denatu-
ration of fB-lg as two consecutive reactions. The kinetic constants are obtained by a
reinterpretation of experimental results in the literature. To demonstrate the
usefulness of this model, the results of some preliminary fouling experiments with
heat treatment equipment using skim milk are related to the denaturation model.

2.2 Theory
2.2.1 Denaturation mechanism

Bovine $-lg exists in nature in milk as a dimer of two monomeric subunits non-
covalently linked; it is the main constituent (more than 50%) of the whey proteins
[2]. Each monomer contains two disulphide bridges and one single thiol group
which in the native state is buried in the interior of the molecule. In milk two
genetic variants are found. When both genetic variants A and B are present, hybrid
dimers can be formed [2].
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Figure 2.1 Schematic representation of the native, unfolded and aggregated state of g-lacto-
globulin [13]; (+) hydrophobic groups, (O) hydrophilic groups

The heat-induced denaturation of B-lg is generally assumed to be a process
consisting of at least two steps: a transformation of the native state into an unfolded
state, and a subsequent aggregation of the unfolded molecules [12]. Figure 2.1 gives
a schematic representation of the native, unfolded and aggregated state of $-lg. At
a temperature of 55 °C §-lg is dissociated into two monomers [14]. A further
increase of temperature (>65 °C) results in an unfolding of the molecule:
breakdown of hydrogen and hydrophobic bonds and exposure of the thiol group,
which is able to react with other proteins, notably B-lg, a-lactalbumin and «-casein.
Although under mild denaturation conditions the unfolding is supposed to be a
reversible reaction [12], it is likely that due to isomerization at higher temperatures
(>70 °C) the unfolding becomes more or less irreversible [2, 15, 16, 17]. The
second reaction step, irreversible aggregation, is a result of intra- and intermolecular
disulphide formation, the latter constituting a polymerization. It is also reported
that calcium is incorporated into the aggregates of protein [13]. Since due to
termination of propagated molecules the number of thiol groups diminishes, the
reactivity of 8-lg also becomes less.

2.2.2 Two-stage reaction model

A model description in accordance with the denaturation process is given by a two-
stage reaction model [18].

N-U
nU = A
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The rates of disappearance and formation are given by the corresponding reaction
rate equations:

-y = kyCn 2.1
U < /€U CN - kA C[zj (22)
- kG @

Since unfolded B-Ig not only aggregates with other unfolded $-lg molecules but also
with other proteins and salts, the actual reaction order of the aggregation step is
unknown. However, for reasons of perception and the unknown exact order, the
aggregation is assumed to be a pseudo second order reaction. Typical concentration-
time curves, calculated by numerical solution of equations (2.1), (2.2) and (2.3), are
shown in Figure 2.2.

G Kk, =10

cl/G

Time

Figure 2.2 Typical concentration-time curves of native, unfolded and aggregated g-ig
according to the two-stage model
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2.2.3 Quantitative reaction models in the literature

In contrast with Figure 2.1, in the literature [1, 20, 21, 22] the kinetic constants of
unfolding and aggregation of 8-lg are based on a kinetic model which describes the
denaturation by two single reaction steps in parallel

N-U
AN’ - A

where N, U and A are the native, the unfolded and the aggregated 3-lg respectively.
The use of N’ in the second reaction step is confusing because the authors explain
this indication as non-denatured $3-lg. However, according to Figure 2.1, N’ consists

of native (N) and unfolded, i.e. denatured g-lg (U):
n(N + U) - A

The rate of formation of aggregated 8-lg is given by the corresponding reaction rate
equation:

dC

2 = kA(Cn+ Cy)” (2.4)
Disadvantages of this approach are that the model gives no exact description of the
consecutive denaturation process and the concentration of unfolded 8-lg does not
follow directly from the reaction rate equations. Many authors have used different
model systems to obtain the kinetic constants of these reactions. However, the
applicability of these data for complex biological media such as milk is doubtful.
They also use different analytical methods to investigate the amount of unfolded or
aggregated (3-lg [19].

De Wit [1] found first-order kinetics for the unfolding, with an activation
energy of 261 kJ/mol and a In kg of 86.41, using differential scanning calorimetry.
Table 2.1 gives an overview of the kinetic constants determined for the denatura-
tion, i.e. aggregation, of B-lg in milk. The kinetic data show a break in the Arrhe-
nius plot at a temperature of about 90 °C. The exact reason for this phenomenon
is unclear. Some authors [23] suggest that the break is due to the presence of
different rate determining reaction steps.
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Table 2.1 Overview of the determined kinetic constants in the literature for the denaturation,
i.e., aggregation of g-Ig in (skim) milk.

Ref. Method of Genetic T Reaction E, In koa
analysis variant (°Q) order (kJ/mol

1201 solubilityat A 70-90 15 265.21 84.16

pH 4.6 and 95-150 54.07 14.41

UDIEF® B 70-90 15 279.96 89.43

95-150 47.75 12.66

211 uitracentri- A 70-90 2.0 276.5 87.31

fuge and 90-140 46.1 11.08

FpLCt B 70-90 2.0 259.8 81.10

90-140 46.1 11.63

1221 solubilityat A 70-85 10 277.70 88.27

pH 4.6 and RP- 85-90 102.98 29.67

HpLCY B 70-85 10 343.81 110.74

85-95 83.54 23.31

2 Here the apparent pre-exponential factor, defined as: kocom'
Ultra-thin-layer isoelectric focusing.

¢ Fast-protein liquid chromatography.
Reverse-phase high-performance liquid chromatography.

2.3 Material and methods
2.3.1 Calculation method of the reaction rate constants

To determine the kinetic constants of the two-stage reaction model, the
concentrations of denatured -lg measured by De Wit [24] and Dannenberg [20],
presented in Figure 2.3 and Figure 2.4, were used. They both used skim milk as
medium. De Wit standardized the samples at a total 8-lg concentration of 4.8 g/l
and heated the samples at 77.5, 80.0, 82.5, 85.0 and 87.5 °C. Dannenberg measured
only conversions; however, he used normal milk and the total 8-g concentration
was estimated at 3.2 g/l. The samples were heated between 70 and 150 °C. To
determine the rates of protein aggregation De Wit [1] centrifuged the heated samples
for 60 min at 90 000 g and analyzed the supernatant, consisting of non-aggregated
material at pH 6.7, by high performance gel permeation chromatography SEC (Size
Exclusion). Dannenberg acidified the heated samples to pH 4.6 to precipitate the
denatured (i.e. aggregated) whey proteins by ultrathin-layer isoelectric focusing after
Radola [25] and analyzed the precipitate by densitometry [20].

The kinetic constants of the aggregation of -lg were calculated by evaluating
the two-stage reaction model under the experimental conditions of De Wit and
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Dannenberg. For the unfolding of B-lg the kinetic constants of De Wit were used.
The temperature dependent reaction rate constants of the aggregation were obtained
by parameter estimation with the SimuSolv® computer program [26], assuming
second order kinetics. In this program the fitting is done through the statistical
method of Maximum Likelihood [27]. The activation energy and pre-exponential
factor were not estimated by linear regression of the Arrhenius plot but directly
from the measured concentrations and temperatures, taking into account the
standard deviation of the estimated reaction rate constants.

2.3.2 Fouling experiments

Preliminary experiments were carried out with preheated skim milk (10 s at 65 °C)
during an operating time of 20 h with a tubular heat exchanger. The tubular heat
exchanger consists of 24 pairs of two concentric tubes of 6.35 m, the inner and
outer tube having an internal diameter of respectively 35.1 and 60.5 mm. The mass
flow rate of the milk and the heating water was respectively 2700 and 8000 kg/h.
The milk was heated in two experiments from 69 °C to about 80 °C and 89 °C,
respectively. During the experiments the temperature of the milk and the water was
measured at seven positions along the tube. At the end of an experiment the heat
exchanger was rinsed with water, dismantled and the fouling distribution was
investigated.

2.4 Results and discussion
2.4.1 The kinetic constants of the reaction model

The calculated reaction rate constants for the aggregation of g-lg according to the
method described in 2.3.1 are given in Table 2.2 and represented graphically in
Figure 2.3 and Figure 2.4. It turns out that the experimental data of De Wit and
Dannenberg can be explained by the two-stage reaction model. In general the data
of De Wit give a better fit of the model. This may be partly due to the longer
heating times which decrease the disturbing effect on the investigated concentration
of aggregated S-lg of the time necessary for reaching the heating temperature.

To quantify the effect of temperature, in Figure 2.5 the rate constants are
plotted against the reciprocal of the absolute temperature according to the Arrhe-
nius equation. It is evident that the relationship is reasonably linear in the given
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Table 2.2 Results of the parameter estimation by Simusolv for the two-stage reaction model:

reaction rate constants

T i K, ky10° 5-10° Ry
°0 Wg-s) (irg-) g-s)
De wit:
775 10 0.0386 0.405 0.0062 0.9933
80.0 10 0.0728 0.981 0.0196 0.9932
825 10 0.136 1.93 0.055 0.9917
85.0 10 0.252 3.92 0.147 0.9923
87.5 10 0.464 5.14 0.995 0.9997
Dannenberg:
75.0 7 0.0203 0.303 0.0142 0.9934
80.0 7 0.0728 1.74 0.201 0.9745
85.0 7 0.252 6.57 0.533 0.9905
90.0 9 0.845 17.7 1.10 0.9896
100.0 9 8.60 27.9 2.44 0.9733
110.0 9 > 10 40.1 1.92 0.9825
120.0 9 > 10 64.6 2,04 0.9933
130.0 9 > 10 88.9 452 0.9884
140.0 7 > 10 133 4.61 0.9981
150.0 4 > 10 217 125 0.9986

3 caiculated according to De Wit 11

temperature ranges from 90 to 150 °C and 70 to 90 °C. There are two temperature
ranges in which the activation energies are markedly different. This manifests itself
by differences in the slopes of the straight lines. The break in the line is at a

temperature of about 90 °C. Table 2.3 gives the activation energies and the loga-

rithm of the pre-exponential factors obtained by parameter estimation with

SimuSolv®. The high values of the coefficient of multiple determination R 42 and the

low standard deviations demonstrate that the experimental results could be

described very well by the Arrhenius equation. Concerning the kinetic constants

reported in the literature as shown in Table 2.1, the determined activation energies

of the aggregation reaction step are in the same order of magnitude. Also the break

in the Arrhenius plot at a temperature of 90 °C agrees with earlier investigations.
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Figure 2.3 Evaluation of the reaction model for the concentration of aggregated g-lg (data of
De Wit
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Figure 2.4 Evaluation of the reaction model for the concentration of aggregated g-19 (data of
Dahnenberg)
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Figure 2.5 Effect of temperature on the reaction rate constant of the aggregation of g-lg

The agreement of the results with Table 2.1 can be explained by comparing the
two-stage model and the conventional single-stage model. At the data points in
Figure 2.3 and Figure 2.4, above 90 °C the concentration of native 8-lg was zero.
This means that dependent on the value of the reaction order 7, equations (2.4) and
(2.3) become almost the same, resulting in a more or less similar temperature
dependence of the reaction rate constant for denaturation i.e., aggregation. It should
be noted that at the beginning of the denaturation process when the concentration
of native B-lg is relatively high and the concentration of aggregated g-lg - 0, the
conventional model gives an over-estimate of the aggregation rate (native f-lg is
directly transformed into aggregated -lg) in comparison with the two-stage model.
This phenomenon is demonstrated by Figure 2.6, where experimental data of

Table 2.3 Results of the parameter estimation by SimuSolv for the two-stage reaction modet:
activation energies and pre-exponentional factors

2

Reaction n T E, In &k, i Ry
°Q (kJ/mol

unfolding 124) 1 70-90 261.4 86.41 8 0.970

Aggregation 2 70-90 288.5+5.7 91.32+1.92 80 0.979

90-150 54.7+05 13.99+0.15 56 0.987
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Figure 2.6 Experimental data of Dannenberg [20] at low conversions into aggregated g-lg
compared with the model of Dannenberg and the two-stage model

Dannenberg are compared with the model of Dannenberg and the two-stage model
according to the kinetic constants from Table 2.1 and Table 2.3, respectively.
Although at low conversions (< 10 %) the determination methods of aggregated 8-g
are not very accurate, in general the conventional model shows a considerable over-
estimation. In the case of the Dannenberg model the standard error was 3.9 % and
for the two-stage model the standard error was 2.1 %.

2.4.2 The denaturation of B-lactoglobulin and the fouling of heat exchangers

The measured temperature profiles in the tubular heat exchanger are shown in
Figure 2.7. As a result of fouling of the heat transfer surface, the local temperatures
changed during the experiment. Concerning the local temperature drop in the tubes
after 20 h it can be concluded that the fouling rate during experiment 2 was much
higher than during the first experiment. Figure 2.8 and Figure 2.9 show the
determined fouling distribution and the calculated concentration profile of unfolded
B-lg based on the mean bulk temperature profile and the reaction kinetics from
Table 2.3 belonging to the two-stage reaction model. It is obvious that the local
fouling rate parallels the local bulk concentration of unfolded f-lg. These results
support the hypotheses [28] that the unfolded B-lg plays an important role in the
fouling process. The higher fouling level of experiment 2 may be due to the higher
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Figure 2.7 Measured temperature profiles in the tubular heat exchanger after 0 and 20 h
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Figure 2.8 Relation between the local concentration of unfolded g-lg (—) and the local
thickness of deposit layer (ban; experiment 1 (80 °C)
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Figure 2.9 Relation between the local concentration of unfolded g-lg (—) and the local
thickness of deposit layer (bar); experiment 2 (89 °C)

wall temperature and indicates a surface reaction with unfolded 8-lg.
2.5 Conclusions

A reinterpretation of results from denaturation experiments of §-lg makes it
possible to obtain the kinetic constants of a two-stage reaction model. This model
describes the denaturation of B-lg in milk by unfolding and aggregation reaction
steps in series. The two-stage model gives a good description of the reported
experimental data. Results of fouling experiments show the importance of quantify-
ing the concentration of unfolded 8-lg and support the hypothesis that the local
fouling rate in heat treatment equipment is related to the local concentration of

unfolded -lg.
Notation

CxCnxCy  Concentration of aggregated, native and unfolded components g1h
Co Initial concentration (g-1%)

E Activation energy (J-mol)

a
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g Acceleration by gravity (ms?)

i Number of experimental data (used for parameter estimation)

ka, by Reaction rate constant of the aggregation and unfolding reaction step
(l(n- 1). g(l-n) e 1)

k' Reaction rate constant of the denaturation i.e., aggregation reaction
according to the conventional single-stage model (l("'l)-g(l'”)-s'l)

ko Pre-exponential factor (1%1)-g(1-7).s'1)

n Reaction order

R Gas constant, 8.314 (J-mol K1)

Ry Coefficient of multiple determination; correlation coefficient for mul-
tiple and non-linear regression

s Standard deviation

t Time (s)

T Temperature (K)
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Abstract

The relationship between the denaturation of B-lactoglobulin (B-Ig) and the deposition of
milk constituents in a heat exchanger was investigated. Experiments were carried out on
a plate beat exchanger with skim milk by applying different temperature-time
combinations in the temperature range from 45 to 122 °C.

Based on the results of the experiments, a fouling model for heat exchangers related
to the denaturation kinetics of the key component B-Ig bas been developed for surface
temperatures of equipment walls up to 115 °C. The main mechanism is controlled by
the adsorption rate of unfolded 8-Ig at an external heat transfer surface. This model gives
good agreement with the experimental data. By application of an interstage holding
section in the heating zone, the amount of deposits in the regenerative section can be
reduced substantially, by over 50 %.

It was shown that the fouling model for skim milk can also be used for predicting
the deposit distribution in heat treatment equipment due to fouling by whole milk,
which supports the chemical and physical basis of the model. In addition it was found
that the absolute fouling level is not only related to beat-induced protein transformations
but also strongly influenced by the age of milk.
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3.1 Introduction

Deposit formation on the heating surface of heat-treatment equipment for milk is
an undesired reaction resulting in a reduced heat transfer coefficient and an
increased pressure drop. There are two distinct types of deposit [1]. The first type
is a relatively soft, voluminous material which is formed at temperatures between
75 °C and 115°C. Due to the high protein content (50-70%) this is called protein
fouling. A second type of deposit forms at higher temperatures and is hard and of
a granular structure with increasing mineral content. This type is called mineral
fouling. Because of the voluminosity of the first type of deposit, it is protein fouling
that restricts the area of flow passages and the heat transfer in the heat exchanger
and therefore may reduce the operating time.

The exact mechanism of protein fouling is presently unknown. It turns out that
the absolute fouling level is not only related to process design and conditions but
also affected by age of milk [2] and seasonal influences [3]. However, the correlation
between protein denaturation and fouling of heat exchangers has been confirmed by
many investigators [4, 5, 6]. Results obtained by Tissier et al. [7] showed that 8-
lactoglobulin (8-lg) plays a dominant role in the fouling process of heat exchangers;
it appeared that the denaturation of B-lg and the formation of deposits evolved
simultaneously in the flow passage through the heat exchanger. Even for whipping
cream the correlation between the denaturation of whey proteins and the fouling
rate has been demonstrated [8]. Some investigators assumed an interaction between
casein and $-lg, resulting in the deposition of casein micelles and $-lg together on
the stainless steel wall [2].

In this chapter a reaction model for fouling of heat treatment equipment is
developed in which denaturation of 8-lg and deposition are described as consecutive
reactions. It is assumed that the participation of casein micelles in the fouling
process plays a passive role. The reaction order and the kinetic data of the
adsorption reaction are determined from fouling experiments with skim milk. To
evaluate the suitability of the model, results of fouling experiments with whole milk
are discussed as well.
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3.2 Model development
3.2.1 Theory

According to the conclusions of Chapter 2, where the concentration of unfolded g-
lg appears to be an important factor in the fouling process, the following schematic
fouling mechanism is proposed:

N-U
nU - A
UME S ps

where N, U, A, M, F and F* are the native 5-Ig, the unfolded g-lg, the aggregated
B-lg, milk constituents, aggregates of milk constituents and deposited milk
constituents, respectively. The local fouling process is considered as a heterogeneous
adsorption reaction of milk constituents at the surface with mass transfer and
reaction in series: transport in the boundary layer and the reaction process at the
interface [9]. Since only the amount of adsorbed milk constituents (F*) and the bulk
concentration of unfolded 8-lg (U) can be measured properly, it is assumed that the
amount of aggregated and adsorbed milk constituents is proportional to the local
concentration of unfolded 8-lg and is defined by a constant ratio ry;:

= U S 6.0

Cr CE«
where Cyj» is the concentration of deposited 8-lg. For protein fouling, r; is about
0.3 [4]

The fouling process can be described by the concentration profile shown in
Figure 3.1. Aggregates of milk constituents are transported to the interface by
diffusion and next adsorb at the surface of the deposit layer. The actual model to
describe the fouling rate is given by the following equations:

Mass transfer equation:

D | &y Gy
]F_T Ty
U 'y
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>y

Figure 3.1 Proposed concentration profile for deposit formation

where ry; is the fraction of -Ig in the deposit and Cyy; the local concentration of U
at the interface.

Reaction rate equation:
Nyl ~n 3.3
Ry =k"Cf (3.3)
where

B = /eo// exp(—Ea/RTS (3.4)

urface)

Since it is assumed that the local heat flux to the milk is constant, the surface
temperature of the deposit layer is equal to the initial temperature of the heat
transfer surface [6].

Mass balance:

Jr = Ry G-5)

Elimination of the unknown concentration of U at the interface with equations
(3.2), (3.3) and (3.5) results in:
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1
]FzDFCB_[JF]n 6.9

o |V W

The equation for /g can be simplified by use of its asymptotic solutions. When the
mass transfer rate is slow compared to the reaction rate, the fouling is controlled by
mass transfer and so equation (3.2) with Cyj; = 0 can be used. In the case of a
relatively slow reaction rate, Ji is described by equation (3.3). Whether fouling is
controlled by chemical reaction or mass transfer follows from the Hatta number.
The square of the Hatta number is defined as the ratio of the maximum reaction
rate of the adsorption and the maximum diffusional transport:

k//

Hz? =
D
rU(S

5151

¢.7)

When Ha < 0.3, the kinetic reaction rate completely limits the adsorption rate and
when Ha > 2, the rate of mass transfer limits the adsorption rate [9].

The diffusion coefficient of the adsorbed milk constituents and the film thick-
ness 8 is unknown and should be estimated. When the diameter of the particles is
known, the diffusion coefficient could be estimated by the Wilke-Chang relation
[10]:

T;
Dp - 131077t (3.8)
0.6
TLVF
and with Vg as molar volume of the adsorbed particles:
1,3
VF = NAV-é-WdF (39)
The thickness of the boundary layer 6 can be estimated from the Sherwood
number:
kyd
Sh= %"
Dg s-4 (3.10)
Dg Sh
kL = T
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In the range 2000 < Re < 10° and S¢ > 0.7 a relation for mass transfer between
a wall and a turbulent flow is given by [11]:

Sh = 0.027 Re©-85:0-33 (3.17)

The reaction order and the temperature dependence according to the Arrhenius
equation of &£” of the deposition rate can be derived by fitting experimental data
with equation (3.6).

3.2.2 Material and methods

Experimental set-up

The experiments with preheated skim milk (10 s at 65 °C) were carried out during
operating times of 6 h with a plate heat exchanger (Alfa-Laval, type H7-RC). The
mass flow rate of the milk was 2300 kg/h (Re = 8000).

milk IN
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@prehsater (condensor)
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\
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@holder tube ® “‘ 1 ®

@stirred tank
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(O]
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&

Figure 3.2 Arrangement of the experimental heat exchanger plant
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The plate heat exchanger consists of four sections: preheater, holder (optional),
regenerative section and heater. The arrangement of the sections of the experimental
set-up is given in Figure 3.2. From the storage tank the milk was heated to 45 °C
in a preheater (i.e., condenser of a falling-film evaporator plant). In the preheater of
the plate heat exchanger the milk was heated to 85 °C. With the switch-board it
was possible to select no holder, a stirred tank holder (dj,pe, = 0.39 m, height =
0.83 m) or a tube holder (., = 0.035 m, length = 75.0 m). The liquid level in
the tank was controlled by the flow out. After holding at 85 °C the milk was
heated in the regenerative section and the heater to 117 and 122 °C, respectively.
Table 3.1 gives the dimensions and the residence time of each section of the plate
heat exchanger. Before the milk entered the first stage of the evaporator it was
cooled down in the regenerative section and the expansion vessel, respectively.

Table 3.1 Dimensions of the plate heat exchanger and the residence time of each section at a
flow of 2300 kg/h (plate distance = 5 mm)

Section Number of Heat transfer  Plate con- Residence
plates surface (m°) figuration time ()
Preheater 11 36 5x1 14.3
Regenerative section 21 7.6 10x1 28.2
Heater 11 3.6 5x1 13.9

Measurements, analyses and calculation methods

During the experiments the following data were collected:

® The temperature of the milk was measured by thermocouples at six positions
(see Figure 3.2) twice an hour. The intermediate temperatures in the bulk and
at the plate surface were calculated with a computer program [12] based on
algorithms given by René and Lalande [13].

¢ The aggregation of f-lg was determined at four sample points (see Figure 3.2),
twice in each experiment. As a result of sampling, the milk samples were at
high temperatures for at least 10 seconds before they could be cooled with ice
water. The degree of aggregation was measured by HP-GPC (High Performance
Gel Permeation Chromatography) at pH 6.7 as described by De Wit &
Klarenbeek [14]. The pH of the samples taken was measured.

At the end of an experiment the heat exchanger was rinsed with water and dis-

mantled. Each plate of the preheater and regenerative section was cleaned with 16

litres of a 1 vol% sodium hydroxide solution. To determine the quantity of organic
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material on each plate, a sample was taken from the cleaning agent. The amount of
deposits at the downstream side of the regenerative section was negligible (< 5% of
total).

The fouling rate of organic material was related to the COD (Chemical Oxygen
Demand, [15]) of the samples according to the following equation:

VNaOH
Je = sl % (3.12)
F Aplate‘tr *
with C
C _ 0,,COD (3.13)
F 1.27

It was assumed that the induction time (time during which no fouling occurs) was
negligible in comparison with the run time [6]. The value of 1.27 gives the
measured oxygen demand of 1 concentration unit of protein [16].

Summarizing, the local fouling rate (/i) followed from the measured amount of
deposited milk constituents (Cgx). The local concentration of unfolded g-lg (Cyy)
was calculated according to the two-stage denaturation model developed in
Chapter 2. The outcomes of the denaturation model were tested by measuring the
concentration of aggregated §-Ig (Cp).

3.2.3 Results and discussion

Denasuration of B-lactoglobulin

The mean temperature-time curves measured at three different holding times
corresponding with the different holders are given in Figure 3.3(a-c). The effect of
time and temperature of the heat treatment on the rates of denaturation of 8-lg is
shown in Figure 3.4, which compares the degree of aggregation measured at the
sample points after the preheater and holder, and the degree of aggregation
calculated according to the kinetic data determined in Chapter 2. The accuracy of
the HP-GPC method was not sufficient to measure aggregation levels above 90%.
Consequently the aggregation of §-lg for the sample point after the regenerative
section could not be determined accurately. The points plotted on the graph are the
mean of the values from each experiment. The calculated degrees take into account
a sampling time of 10 seconds. The total concentration of $-lg in the milk was 3.8
g/1. The pH of the samples varied between 6.64 and 6.71.
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Figure 3.4 Comparison between measured and calculated (according to the denaturation
model degree of aggregation of g-lg, after preheater and holder

‘ In general there is a reasonable agreement between the measured and calculated
| degree of aggregation. In all cases the calculated values are lower than the measured
ones. This might be due to the fact that during cooling of the samples, the product

sample is held at temperatures above 70 °C for several seconds, resulting in a
| continuing denaturation.

| Distribution of fouling

l Figure 3.5 represents the fouling rate distribution in the preheater and regenerative
section after an operating time of 6 hours. The measured values of each experiment
show a maximum of the fouling rate at the end of the preheater and of the

Table 3.2 Total amount of deposits in the preheater, holder and regenerative section

Total amount of organic material (@)

Experiment "holder Preheater Holder Regenerative
1 (no holden - 26.4 - 160.6
2 (stirred tank 9 345 27 739
3 (holder tube) 160 36.8 nd 48.5

nd = not determined
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regenerative section (the reverse sides of the plates in the regenerative section were
almost clean).

The first maximum can be explained by a higher local concentration of
unfolded B-Ig. According to equations (3.2) and (3.3) this causes a higher deposition
rate of milk constituents. At surface temperatures above 115 °C, at the end of the
regenerative section, the fouling process is probably not governed by the
denaturation of B-lg only [1]. It is remarkable that in the regenerative section at
temperatures below 115 °C the deposition rate stays nearly unchanged while the
surface temperature increases substantially. This phenomenon can be explained by
the proposed fouling model. Apparently the decreasing concentration of unfolded
B-lg and the increasing surface temperature along the flow length results in a more
or less constant adsorption rate (see equation (3.3)).

The results of the application of a holder section at 85 °C are shown in
Table 3.2. It appears that the mean fouling rate in the regenerative section is
reduced by over 50 percent. This can be explained by the denaturation kinetics of
B-lg. In the holder reactive, unfolded $-lg is transformed into aggregated 8-lg which
behaves as a more or less inert component. So the concentration of reactive -lg
downstream from the holder is decreased, resulting in less deposits in the
regenerative section.

Fouling model

The experimental data were used to determine the model parameters. In general the
fouling model is given by equation (3.6) and the Arrhenius equation of k"
Substitution of the Arrhenius equation in (3.6) gives:

E
Infg = Inky - 2~ +nln [cg - ‘gZF] (3.14)

surface

The constants 7, ky" and E, were determined by multiple regression analyses from

the experimental results. The values of /g and T, were obtained from the

rface
experimental data (Figure 3.3(a~c) and Figure 3.5). The concentration of unfolded -
Ig at any point in the heat exchanger was calculated with the determined kinetic
data in Chapter 2. The coefficient of mass transfer Dp/§ was estimated with
equations (3.8) to (3.11).

To determine whether the protein fouling is reaction or mass transfer
controlled, the experimental data were fitted to equation (3.14) and the mean Hatta



CHAPTER 3 47

3x10€4{  [protein
> 4 (fouling” 4 D 4120
E {model} o
> validity)/ (@) exp. 1 s
< 5 / 0 Jeop [1700 8
@ 2x10 -1 s b
E % __‘IF,model 6
g / a7 Teutace 80 -g
= / @
(73 H B
8 0%y £
17 @ ] ®
o ‘o i 0 2
< ™ O
14 { &
olo Ao — e —— 40
0 50 100 150 200 250
— 120
€
w
D (b) exp. 2 ﬁ
é a JF,exp 4 100 g
2 __JF,modeI bt
2 &
g """ Teurtace 180 _g
b= 3
g g
& £
o 460 @
o
e}
0L : f e 40
0 50 100 150 200 250
3x10°
0 protein fouling 1120
“E (model validity) / )
- 7] exp. 3 g
X . LD g [H100 B
@ 2x10°- 7 3 2
E 4 F,model 1 ,‘.i.
.g. 1 ," ————— Tsu’hce -4 80 -cgp
B {1/ 3
8 w0/ 7 T 2
2 1 ]
a 10 sl 180 =S
4 DD | Q
1o
0 -.;J STV I5E ’ i 40
1] 50 100 150 200 250

Space time (s)

Figure 3.5 Fouling distribution in the preheater and regenerative section after a run time of 6
hours



48 REACTION MODEL FOR FOULING

number was calculated. Since the actual diameter of the adsorbed particles was
unknown, the regression analyses were done with several supposed particle
diameters of the adsorbing milk components (Cg). The results of these
considerations are shown in Figure 3.6. The highest correlation coefficients were
obtained with particle diameters smaller than 50 nm and small Hatta numbers
(Ha < 0.3). This means that the most accurate model is achieved by the assumption
of a reaction-controlled fouling process (Ci;; = Cyy). In this case the results,
including the standard deviations of the regression analysis are:

n = 1.24+0.07

Inky" = -082+145

E, = 45.1+4.5 k]/mol
RyZ =094

In Figure 3.5 the continuous lines represent the adsorption rate of milk constituents
calculated by the model. The experimental data and the model show good agree-
ment for surface temperatures between 85 and 115 °C.
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Figure 3.6 Correlation coefficient and Hatta number in relation to the supposed particle
diameter
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Fouling mechanism
From Figure 3.6 it follows that a mean diameter of the adsorbed milk components
above 50 nm does not give good agreement with the experimental results. When
casein micelles participate in the fouling process, the mean diameter of the micelles
should be smaller than 50 nm. According to the size distribution of the number of
casein micelles in milk [17] the mean diameter of the casein micelles is about 30 nm.
This means that the participation of casein can be included in the established fouling
model. Especially when the higher diffusion coefficients of the smaller casein
micelles are taken into account, it is obvious that small casein/whey protein
complexes are involved in the fouling process.

The model describes the key role of 8-lg in the fouling process. The transport
of micelles is not rate determining in fouling kinetics although there is a substantial
proportion of these relatively large particles in the deposit [7, 18].

3.3 Model evaluation
3.3.1 Material and methods

Experimental set-up
Two series of experiments with preheated whole milk (10 s at 65 °C, 3.7 % far)
were carried out during operating times of 6 h with the experimental installation,
described in paragraph 3.2.2. To avoid errors in the determination of protein
denaturation the milk was not homogenized (homogenized whole milk causes a
turbid supernatant). The milk used in the first experiment of a series had been
stored at 5 °C for 4 days in the case of the first series, and 3 days in the case of the
second series. The next experiment of a series was carried out with the same milk,
one day later. The second series of experiments (4-6) was carried out 2 months later
than the first series (1-3).

Table 3.3 summarizes the process conditions during the experiments. The mass
flow rate of the milk was 2300 kg/h. With different holder sections and tempera-
ture settings, 6 combinations of temperature and time were realized.

Measurements, analyses and calculation methods

The temperature of the milk, the aggregation of B-lg, the aggregation of a-lactal-
bumin (o-la) and the fouling of the plate heat exchanger were determined in the
same way as during the experiments with skim milk (see paragraph 3.2.2). The
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fouling rate in the heater was estimated by comparing visually the amount of
deposits in the heater with the final plate of the regenerative section.

The samples of the cleaning agent were analyzed by the following deter-
minations: calcium, chemical oxygen demand (COD) [15] and the nitrogen quantity
according to Kjeldahl [20]. The concentrations of protein and fat are given by:

Cprotein = CN,Kjeldahl'("?’g (3.15)
Co = COZ,COD - 127+ protein (3.16)
far 2.96
The deposition rate of protein and milk fat (j) follows from:
Vi
J = _NaOH ~ (3.17)
Aplate'tr

It was assumed that the induction time (time during which no fouling occurs) was
negligible in comparison with the run time [6] and that the organic deposits consist
mainly of protein and milk fat [21]. The value 6.38 gives the measured ratio

Table 3.3 Process conditions of the whole milk experiments

Experiment

1 2 3 4 5 6
Preheater
Tintet (°C 448 44.9 414 444 448 44.6
Touttet O 85.2 85.2 85.1 85.1 85.1 85.2
Holder tube tube - - tank tube
Tintet O 85.2 85.2 - h 85.1 85.2
Toutiet (°C 838 83.9 . . 85.1 84.0
Req. section
Tinet (°C 83.8 83.9 84.9 84.9 86.8% 84.0
Toutlet °C 116.7 107.8 1241 116.5 116.9 116.6
Heater
Tinet O 116.7 107.8 12441 116.5 116.9 116.6
Toutiet O 122.0 111.7 1321 121.7 121.9 122.0

a Temperature increase due to pump energy.
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between the concentration of protein and Kjeldahl nitrogen. The value of 1.27 and
2.96 gives the measured oxygen demand of 1 concentration unit of protein and milk
fat, respectively [16].

3.3.2 Results and discussion

Denaturation of B-lactoglobulin and o-lactalbumin

The effect of the combination of temperature and time on the denaturation of -Ig
and o-la is shown in Table 3.4. The accuracy of the HP-GPC method was not
sufficient to measure aggregation levels above 90%. Consequently the aggregation of
B-lg for the sample point after the regenerative section could not be determined
accurately.

The literature on the denaturation kinetics of 3-lg and o-la has been focused
mostly on the kinetics of skim milk rather than on the kinetics in whole milk. De
Wit and Klarenbeek [14] established the overall aggregation kinetics for a small
temperature range and demonstrated that the kinetic data of §-Ig in whole milk

Table 3.4 Measured aggregation degrees of g-lg and a-la

EXp. Total concen- Degree of aggregation (%)
tration (g/“ Outlet preheater Inlet regener. Outlet regener.
glactoglobulin
1 4.06 129 75.9 > 90
2 4.06 145 76.0 ' > 90
3 4.06 157 324 > 90
4 3.75 26.7 38.9 > 90
5 3.61 195 726 > 90
6 3.65 19.0 75.9 > 90
a-lactalbumin
1 1.30 04 204 436
2 1.29 11 254 23
3 127 23 6.1 373
4 123 6.2 102 336
5 119 36 26.0 383
6 1.20 2.0 283 416
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Figure 3.7 Comparison between measured and calculated degree of aggregation of g-lg (two-
stage model and qa-la [19], after preheater and holder

differ from those in skim milk (see Chapter 1, Table 1.2). Since the necessary
kinetic data of the two-stage model to determine the concentration of unfolded 5-lg
in whole milk are not available, the specific fouling model parameters for whole
milk cannot be established. To evaluate the fouling model for whole milk, in
Figure 3.7 the measured aggregation degrees are compared with the calculated values
according to the two-stage reaction model for the denaturation of 8-lg in skim milk,
as described in Chapter 2. The aggregation degrees of a-la are calculated according
to the kinetics reported by Dannenberg [19], which are given in Table 3.5. The
calculated degrees take into account a sampling time of 10 seconds.

Although the reaction kinetics were obtained for skim milk, there is a fair
agreement between the measured and the calculated aggregation degree of 8-lg. As
in the case of skim milk, in general the calculated values are lower than the

Table 3.5 Kinetic data of the denaturation (i.e., aggregation) of a-la in skim milk [19]

Temperature range (°C) Reaction order :‘.:2l (kJ/mol In kO

70-80 1 269 84.92
80-150 1 69 16.95
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measured ones. Since the errors with whole milk are in the same order of
magnitude as with skim milk, it can be concluded that within the given temperature
range the higher fat content of whole milk has no significant effect on the proposed
denaturation kinetics of 8-Ig. The calculations based on the kinetics of o-la in skim
milk are in good agreement with the measured values in whole milk.

Composition of the deposit layer

The determined compositions of the deposit layer are summarized in Table 3.6.
From each experiment the mean percentage of protein, calcium and fat is spread
over 3 temperature ranges. In accordance with the results of Lalande et al. [4], the
deposits at temperatures between 80 and 110 °C turn out to be largely protein
fouling, consisting of more than 50 % protein. This confirms the key role of whey
proteins in the fouling process, especially in this temperature range. Both at
temperatures lower than 80 °C and higher than 110 °C, the protein content
decreases and the calcium content increases, which indicates a growing role of
calcium phosphate precipitation [1].

Table 3.6 Composition of the deposit layer

Temperature Component Experiment
range (°Q)
1 2 3 4 5 6

60-80 Protein (%) 367 421 413 391 349 400
Ca;(PO,), (%) 602 537 509 554 607 575
Fat (%) 30 42 78 55 44 25

80-110 Protein (%) 527 584 673 508 507 546
Ca (PO}, (%) 375 318 142 M4 383 314
Fat (%) 98 98 186 78 104 143

110-120 Protein (%) 40.1 - 590 479 487 420
Ca4(PO,), (%) 453 - 296 435 402 462
Fat (%) 14.6 - 14 86 M1 M8

2 Assuming that calcium precipitates as Ca,(PO,, I121.

Effect of whole milk ageing

As shown in Figure 3.8 the amount of deposits in the preheater, under the same
process conditions (see Table 3.3) and milk charge, increased with the age of milk.
Based on the experimental points in this figure an ageing factor can be defined.
When the milk is older than 3 days, the adsorption rate according to equation (3.14)
has to be multiplied by this correction factor giving a first approximation of the
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Figure 3.8 Effect of whole milk ageing on the mean deposition rate in the preheater

effect of milk ageing on the fouling level. Regression analysis (r?= 0.938) resulted

in:
Jr@w = faJ5G days) (3.18)
with
f, = expl0.9:¢ - 3)] (3<t<6 days) (3.19)

The increase of the fouling level after a series of experiments by a factor 3 can
probably be explained by the action of proteolytic enzymes in milk which results
in a decreasing heat stability of the casein micelles and additional protein deposition
[2]. It is obvious that these results confirm the proposition that the absolute fouling
level cannot be predicted by a fouling model based on heat-induced transformations
of milk components alone.

Model evaluations
Figure 3.9 shows the measured and calculated deposition rates in the preheater and
regenerative section for the six experiments. Table 3.7 gives the estimated rates in
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the heater. To evaluate the fouling model developed for skim milk, the calculated
deposition rates are shown by two different curves: one dotted curve based on the
kinetic constants for skim milk and another curve for which the kinetic parameter
ko” has been fitted to eliminate the effect of the varying absolute fouling level.

As with skim milk, the deposition rate in the preheater increases with the flow
length. In the heater the deposition rate did not increase further, excluding
experiment 3 where the surface temperature was above 125 °C. Up to surface
temperatures of 115 °C the profile of the local deposition rate is similar to that of
skim milk and can be largely explained by the presented fouling model for skim
milk. From equations (3.2) and (3.3) it follows that the deposition rate increases
with both the concentration of unfolded $-lg and the surface temperature. In the
preheater the temperature rises and native $-lg transforms into unfolded B-lg,
resulting in an increase of the deposition rate. In the additional tube holder or
stirred tank the concentration of unfolded B-lg is reduced by aggregation (see
Chapter 2). In this way the deposition rate in the regenerative section will be
reduced. At the beginning of the regenerative section the aggregation rate dominates
and consequently, the concentration of unfolded B-lg decreases. The rise in
temperature however, results apparently in a nearly constant deposition rate. When
the temperature effect becomes predominant, the deposition rate will rise again.

The relatively strong increase of the deposition rate at the end of the
regenerative section cannot be explained by the fouling model. The local
concentration of unfolded $-lg is too low to cause the determined deposition rate.
However, it is remarkable that the protein content of the deposit layer is still
substantial (see Table 3.6). Considering the relatively high local concentration of
non-aggregated a-la and the known interaction between $-lg and o-la aggregation
resulting in additional reactive SH-groups [17, 22}, it is reasonable to propose that
the deposition rate above 115 °C is also governed by the denaturation of o-la.

The applicability of the fouling model developed for skim milk for predicting
deposit distributions caused by whole milk is demonstrated in Figure 3.10. This

Table 3.7 Determined local deposition rates (10” ka/m?s) in the heater

Passage Experiment

1 2 3 4 5 6

first 81 5.6 339 225 94 5.6
last 7.2 42 40.8 33 7.8 4.7
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Figure 3.10 The mean fouling rate related to the maximum mean fouling rate (= 100 %) in
the regenerative section corrected for the fouling level in the preheater

figure shows the amount of deposits in the regenerative section corrected for the
change in absolute fouling level, caused by ageing of milk. It appears that the effect
of the combination of temperature and time on the amount of deposits in the
regenerative section can be estimated very well. This makes the fouling model in
the given temperature range useful for process optimization, in the case of both
skim milk and whole milk.

3.4 Conclusions

A fouling model for heat exchangers based on the kinetics of the key component -
Ig has been developed for surface temperatures of equipment walls up to 115 °C.
The main mechanism is controlled by the adsorption rate of unfolded @-lg at an
external heat transfer surface. This model gives good agreement with the experimen-
tal data. By application of an interstage holding section in the heating zone, the
amount of deposits in the regenerative section can be reduced substantially, by over
50 %.

The developed reaction model for skim milk can also be used for predicting the
deposit distribution in heat treatment equipment due to fouling by whole milk.
Consequently, the model can be applied for design of heat treatment equipment and
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the determination of the optimal combination of temperature and time resulting in
minimal fouling of equipment. Besides the effect of heat-induced protein transfor-
mations, the absolute fouling level is strongly influenced by the age of milk. When
the milk is older than 3 days, the results of the model have to be corrected by an
ageing factor.

Notation

Aplate Plate area (m?)

C Concentration (kg'm™)

C Bulk concentration (kg-m~)

COD Chemical oxygen demand (kg-m3)

d Characteristic diameter (m)

dr Particle diameter of adsorbing milk constituents (m)

Dy Effective diffusion coefficient of adsorbing milk constituents (m%s1)

E, Activation energy (J-mol')

f, Aging factor ()

Ha Hatta number, form depends on kinetics ()

JE Mass flux of adsorbing milk constituents (kgm2-s)

k Reaction rate constant (m>@1)-kg(l-n).51)

k” Reaction rate constant of surface reactions (m3®1)+1.kg(l-0).¢1)

kg Pre-exponential factor (m?®1)-kg(10).s1)

ko Pre-exponential factor of surface reactions (m3(-1)+1kg(l-n).s1)

ki Mass transfer coefficient (m-s?)

n Reaction order ()

Na, Avogadro constant, 6.022:10%% (mol )

12 Correlation coefficient for linear regression (-)

ry Fraction of B-lg in the deposit (kg-kgl)

R Gas constant, 8.314 (J-mol'1-K'1)

Ry Coefficient of multiple determination; correlation coefficient for
multiple and non-linear regression

Rg" Production rate of adsorbed milk constituents (kgrm2-s)

Re Reynolds number, pvd/n ()

Sc Schmidt number, #/pDg ()

Sh Sherwood number, &y d/Dg ()

t Time (s)
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t, Run, operating time (5)

T Absolute temperature (K)

Vg Molar volume of adsorbed particles (m*mol )

VNaOH Volume of the sodium hydroxide solution (m?)

y Distance (m)

b Thickness of the boundary layer (m)

n Viscosity of the liquid phase (kg'm™-s)

o Specific mass (kg-m™)

T Space time (s)

Subscripts

A Aggregated -lg

F Aggregates of milk constituents

F* Adsorbed aggregates of milk constituents

i Interface

L Liquid phase

M Milk constituents

N Native $-lg

U Unfolded §-Ig
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Chapter 4
HeatCARD:
a simulation program for

heat-treatment equipment
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Abstract

A computer program has been developed for the Netherlands dairy industry, called
HeatCARD (Heat exchanger Computer Aided Reactor Design). The program is capable
of evaluating the product transformations and the deposit distribution in the equipment
simultaneously, and of quantifying the interaction between them. The core of the
program is formed by the reaction models described in the previous chapters. The
availability of this program means that the use of empirical kinetic constants with an
intrinsically small range of validity is no longer necessary. The proposed computational
approach may contribute to a better understanding, a more functional design and an
improved operation of heat treatment equipment in the dairy industry.
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4.1 Introduction

In the past in the dairy industry relatively little attention was given to a
mathematical approach towards the heat-induced transformations in the product.
Graphs were used which give the conversion of a milk component at a constant
temperature and time [1, 2]. However, these graphs ignore the temperature
dependence of the rate processes in the heating and cooling trajectories of the
process and it is therefore impossible to evaluate more than one heat treatment in
series. In spite of the restrictions of this rough approximation, the constant
temperature-time graphs are still widely used in the industry. To include the heating
and cooling trajectories, the integral of the reaction rate over a certain time range
has been applied [3, 4]. This so-called F-value is used to compare different
temperature profiles; however, this approach is only valid for conversions lower
than 10% and small changes in temperature with regard to the reference
temperature. Appendix 4.I gives the fundamentals of some kinetic constants
generally used in the food industry.

A more accurate and versatile method to evaluate the effect of heat treatment
on heat-induced product transformations would be to calculate the conversions
directly from the reaction rate equations with the aid of a user-friendly computer
program. For that purpose a computer program has been developed for the
Netherlands dairy industry, called HeatCARD (Heat exchanger Computer Aided
Reactor Design). Specifications of the program are given in Appendix 4.II. The main
power of this program is the possibility to evaluate the product transformations and
the deposit distribution in the equipment simultaneously and to quantify the
interaction between them. To date about twenty copies of Heat CARD have been
distributed to the Netherlands dairy companies.

In this chapter the basics of the Heat CARD program are described and some
potential industrial applications are given. The core of the program is formed by the
reaction models described in the previous chapters. More details of the results
obtained by application of HeatCARD in the Netherlands dairy industry will be
given in Chapter 7.



66 HeaTCARD

4.2 Simulation method
4.2.1 Equipment description

Generally, heat treatment of dairy products is part of a larger production unit and
may consist of several sections like heaters, coolers, connection tubes and holding
sections in which the product is held at a constant temperature. To simulate a heat
treatment trajectory in HeatCARD, the equipment has to be translated into a series
of model reactors. Table 4.1 gives an overview of the reactor types available in
HeatCARD.

The heat exchangers are described by non-isothermal plug flow reactors (PFR ])
operating as counter-current tubular heat exchangers. The advantages of a tubular
heat exchanger are its simple configuration and well-defined heat transfer coef-
ficients. Most of the heat exchangers used in the dairy industry are tubular or plate
heat exchangers. The translation from, for example, a plate heat exchanger into a
non-isothermal plug-flow reactor should be based on the liquid volume and specific
area to approximate the actual residence time and amount of deposits:

|4 4V
Lper = 4—5— > Drrr = 5 4.1)
ZWDPFR plates

where Dpgg is equal to the hydraulic diameter of the channels in a plate heat
exchanger. Figure 4.1 shows the heat-transfer-unit (HTU) editor where the
equipment design and process conditions can be entered. In this editor the reactor

Table 4.1 Reactor types available in HeatCARD

Reactor type Appearance Characteristic Example
dimensions

non-isothermal plug  countercurrent length, inner- tubular and piate-

flow reactor (PFR 1) tubular heat ex- diameters, wall heat exchangers
changer thickness

isothermal plug flow tube length, inner- holding sections,

reactor (PFR Il) diameter connection tubes

isothermal con- tank innerdiameter, liquid holding sections,

tinuously stirred level storage tanks

tank reactor (CSTR)
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HeatCARD 1.8 - HTU editor

Uit name : EXAMPLE3 Medium 1 :
Process time - [h] : 48 Plow 1 [lkgshl @

PFR SECTIONS
Temp._in  [°C]
Temp._out 1°C]
Tube length im] :
D_ingide 1 Dmm)
D_inside 2 Tmm]
Wall th,  Dme)
Medium 2

Flow 2 [kg/hl
Tau sl

CSTR SECTIONS

Temp. [°ct <
Lig. level [mm? :
Biameter - [mm] :
Tau s}

FL-Edit  ¥2-Load ¥3-Save FS-Data  F6-Simclate ¥7-Priat

Figure 4.1 The heat-transfer-unit editor of HeatCARD

types can be connected in any desired sequence. All the data shown in the HTU-
editor can be edited, saved to file or loaded from a file.

4.2.2 Calculation algorithm

An important feature of HeatCARD is the possibility to quantify the interaction
between the local reaction rates and deposit formation or, more precisely, between
the local temperatures and the adsorption rate of milk constituents according to the
reaction model for fouling (see Chapter 3). In Figure 4.2 the algorithm of the
calculation sequence is given.

At time ¢, first the local heat transfer coefficients and the temperature profile of
section i with length Ax are calculated according to

7. 7.
=T, . +U,nD ZFoe lin Ax (4.2)
1,t >

l_!

T,

it
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( Definition of heat-transfer-unit j
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> Calculation of local U, and T,

Y

Calculation of local C,,

Y

Calculation of local &,

t+ At

Final temperature profiIeJ

Figure 4.2 Schematic representation of the calculation algorithm to calculate the tempera-
ture profile in the equipment as a function of operating time

for non-isothermal plug flow reactors and

7y

1,t - 1i—l,z
for isothermal reactors, where

1 1 1 Ogall 6Fi,t

= + __ + + M

U, o a Ag I

(4.3)

(4.4

In the case of non-isothermal plug flow reactors the inlet and outlet temperatures
of the heating or cooling medium are unknown and have to be calculated by

iteration.

Before the local deposition rate can be calculated, the correlated local
concentration of unfolded f-lactoglobulin (8-lg) has to be known (see Chapter 3).
The concentration profile follows from the reaction rate equations in the discrete

form

kU(Tli—l,z) CNi—mAx

CN = CN

1, i-1,t ’()1

4.5
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CAi,z = CAi—1,: + kA(Tli‘l”z)) :jlii-qu (4.6)

Cu,, = Co ~ O, ~ Cay, 4.7)
The growth of the local deposit layer is given by

o - o L (Tn:;acei,t_m) Céf;—m A (4.9)

where At means a time step of the operating time. The new thickness of the deposit
layer results again in changed local heat transfer coefficients at time ¢+Ar and
consequently in changed temperature and concentration profiles, et cetera.

4.2.3 Variables

Table 4.2 gives an overview of the variables of a simulation. Some variable types are
specific for the type of reactor selected, PFR or CSTR, others are global program
variables. Since in the non-isothermal plug flow reactor the product is heated or
cooled, a second medium has to be entered. This might be water or, in case of a
heat recovery section, the product itself. All the variables are used with the
calculation of the temperature profiles in the equipment. The type of medium only

Table 4.2 Variables in HeatCARD

Symbol Name Type
Dy inner Inner diameter (mm) of product tube, tank PFR, CSTR
thmner Inner diameter (mm) of tube with heating or cooling medium PFR
H, Liquid level imm) CSTR
L Tube length (m) PFR
t. Operating or process time (h) global
T1in Inlet temperature of a section (°C) PFR
T1out Outlet temperature of a section (°C) PFR, CSTR

wall wall thickness (mm) PFR

t Step length related to operating time (s) global
DX Step length related to flow length (m) global
'3 Mass flow medium 1 (kg-h™ global
?, Mass flow medium 2 kg-h™ PFR

- Medium 1 global
- Medium 2 (WA = water, SM = skim milk, WM = whole milki PFR
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affects the physical properties of the medium like specific mass and viscosity and
not the reaction kinetic data. The operating time (t,) affects the change in the local
temperatures as a result of fouling (see section 4.2.2). The step lengths related to
operating time (Az) and flow length (Ax) are parameters of the numerical integration
of the local temperature change and reaction rates, respectively.

4.2.4 Reaction data editor

HeatCARD is linked to a data base consisting of the kinetic data of more than 30
milk components. Figure 4.3 shows the screen of the reaction data editor in which
data records can be changed, added and deleted. Heat CARD recognizes five reaction
types: denaturation (proteins), inactivation (enzymes), loss (nutrients), formation
(reaction products) and destruction (micro-organisms). These reactions can be

described by one reaction step

HeatCARD 1.6 - Reaction data editor

¢ B-lactoglobulin (SH) Total records : 37

¢ Denaturation Record number @ 33
T

D gl

: Be Wit, Proc. Kiel, 1988 [1]: Banuenmberg, J. F.5c. 53 (1) {11}

“-Select Fi-Bdit P2-pdd FPrPrint P8-delets

Figure 4.3 The reaction (kinetic) data editor of HeatCARD
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A-B
or two reaction steps in series
A-B-D

with arbitrary reaction orders.

It turns out (see Chapter 1) that for some reactions the activation energy and
pre-exponential factor are not constant but dependent on temperature. Therefore it
is possible to enter kinetic constants for up to five temperature ranges.

4.3 Results

After calculation of the deposit distribution and the temperature profiles,
HeatCARD enters a graphical environment. In this mode the local temperatures,
the concentrations of milk components and the deposit distribution can be shown.
Figure 4.4 shows the graphics screen of the program. The graphics screen contains
two graphs: a temperature graph and a concentration or deposit layer graph. All the
available components in the reaction data base can be evaluated for the actual
temperature profile. Since the temperature profiles changed during the operating
time, the graphs show the concentration profiles at the start and at the end of
operation. The calculation results can be saved as ASCII-files.

4.4 Applications

The first application of HeatCARD is that a given heat treatment can easily be
evaluated for every milk component and the effect of a change in the process
conditions and design on the conversion of the component can be quantified.
Empirical parameters like F- and z-values (see Appendix 4.I) based on simplifying
assumptions with a relatively small range of validity are no longer necessary. When
the key components which determine the functional properties of a product are
known, it is possible to estimate the best process conditions for a certain product
and to determine the critical points in the process.

Another important application is the possibility to predict the deposit
distribution in relation to the process conditions and design. As a consequence it is
also possible to affect the deposit distribution and total amount of deposits by
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Deposition rate (g/m?h) 6

Temperature (°C)

LOG [Heating rate (K/s)]

Figure 4.5 The local deposition rate in a heater as a function of the heating rate; linear
temperature increase, milk heated from 60 to 120 °C

changing the related process parameters. For example, it is known that the amount
of deposits in heat exchangers is reduced by installing an additional holder section
in the heating trajectory [2]. In this holder unfolded f-lg is transformed into the
aggregated state which plays no key role in the fouling process, resulting in less
deposit downstream from the holder. In other words, the region with the maximum
deposition rate is positioned in a holder without heat transfer surfaces and a low
specific surface area.

Figure 4.5 shows the relation between the heating rate and the deposition rate
in the heater. On the y-axis the local temperature in the heat exchanger is shown.
The milk is heated from 60 to 120 °C with a heating rate between 0.1 and
1000 K/s. It is assumed that the temperature profiles are linear (i.e. constant heating
rate) and that the wall temperature is equal to the temperature of the bulk. It is
obvious that the optimal holding temperature to reduce fouling lies below the
temperature at which the deposition rate reaches its maximum. The volume of the
holder is fixed by the holding time which is given by the admitted conversion of
unfolded into aggregated (-l in the appropriate situation.

In order to minimize the amount of deposits in heat treatment equipment there
may be two trivial solutions. The first is that the product should not be heated at
all and the second is a complete denaturation of B-lg in the holder section (i.e.,
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Cy=0). However, both solutions result in inferior products: a product with
pathogens and a product with a undesired degree of denaturation, respectively. With
HeatCARD it is possible to evaluate the deposit distribution and the conversion of
key components simultaneously. This may result in minimal fouling of the
equipment without concessions to the product quality.

4,5 Conclusions

The HeatCARD computer program is developed for evaluation of heat treatments
in the dairy industry with respect to heat-induced product transformations and
fouling of equipment. With the program it is possible to calculate the local
conversion of milk components and deposition rate at heat transfer surfaces in heat
treatment equipment. Details of the results obtained by application of Heat CARD
in the Netherlands dairy industry will be given in Chapter 7.

HeatCARD may be used for simulating of existing and new processes to control
and improve product quality and for screening potential microbiological problems,
hence reducing the need for unfocused challenge testing. The program can also help
design optimal heat treatments for a range of food formulations with respect to
functional properties and fouling of equipment.

Notation

A Area (m?)

C Concentration (kg:m™)

G, Specific heat (J-kg'l-K)

D Diameter (m)

ka Reaction rate constant aggregation (m>-kg s
ky Reaction rate constant unfolding (s1)

k” Reaction rate constant for surface reactions (m!6-kg02-s1)
L Length (m)

F Process value

n Reaction order

N Number of microorganisms

R Gas constant (8.314 J-mol' K1)

t Time (s)

T Temperature (K)
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Overall heat transfer coefficient (W-m2K1)
Velocity (m's1)

Volume (m?)

Coordinate (m)

Measure for temperature dependence (K)
Heat transfer coefficient (W-m%K™1)
Thickness (m)

Heat conductivity (W-m™1-K1)

Specific mass (kgm™)

Mass flow (kg's™)

e.by%QNRQGQ

Subscripts, indices
AB,D Components

F Fouling, deposit

i Index

N,U,A Native, unfolded and aggregated S-lactoglobulin, respectively
PFR Plug Flow Reactor

ref Reference value

t Time

0 Initial

1 Product

2 Heating or cooling medium
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Appendix 4.I: Kinetic constants used in the dairy industry

Qqo-value
Definition
Ratio between the reaction rate constants at a temperature difference of 10 K.

Relation with activation energy

_Ea
Qo = kO'CXP[ R(T+10)
10 —

1A.1
ko.exp [_T]

Ea
P [10 RT(T+10 ]

D-value

Definition

Reaction time necessary for 1 decimal reduction (90 % conversion) at a constant
temperature, restricted to first order kinetics.

Relation with Arrbenius reaction rate constant

N

— =01
No Db - In(19) (1A.2)
N (- - Tk
N; exp(-#D) (n=1)
z-value
Definition

Increase in reaction temperature necessary for a 10-fold increase of the reaction rate
constant.

Relation with activation energy

-E
ko'CXp [—?—] E
R(T+z)| _ a” - 1A3
T 10 © exp [W(T_*Z)] 10 & (1A.3)

ko‘CXp -R—;
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In(10)RT? (1A.4)
E,- n(IORT

It should be noticed that a high activation energy results in a small z-value.

F-value
Definition
Quantity to compare different heat treatments.

For conversions smaller than 0.1 it is assumed that the reaction order has no
influence on the conversion. Assuming zero-order kinetics the conversion can be
calculated by

kt = XCO
0.1-Gy X-=01_% (1A.5)
Iog = A 9.1

where X is the conversion of a component and fy; the time necessary for a
conversion of 0.1. The value of 1/, 4 is temperature dependent and proportional to
k. In terms of z

T,.1-T
el (1A.6)
fog =10 7
Substitution in (1A.5)
T-Ti
x-1la0 7 (1A.7)
10
F is defined as proportional to X
T-Tiy t T Ty
F=10 ? ¢ or F-= Jlo z de (1A.8)

0
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Appendix 4.II: Specifications of the HeatCARD computer program

System requirements
MS-DOS 4.00 or later, hard disk with 1 MB or more of free space, video
graphics adapter (VGA) monitor, 400 kB or more of RAM, DOS-compatible
printer

Number of files
11

Sub-divectories:
HTU (data of heat-transfer-units), OUTPUT (simulation results), TPR (ASCII-

files with temperatures and times)

More detailed information is given in the Heat CARD manual (P. de Jong & P.F.].
I’ Amie, NIZO-report 1692v, 1992).
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Chapter 5
Process optimization
with respect to product
transformations, fouling

and operating costs
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Abstract

A comprehensive optimization method has been developed based on minimizing an
objective function which comprises the costs of deviating from the ideal product quality
and the processing costs. The method is integrated in a computer program, called
HCOPT. The main advantages of the method are the incorporation of deposit formation
at heat transfer surfaces and the versatility of defining the process and equipment design,
supporting non-isothermal sections like beaters and coolers. The method also accounts for
the relative importance of the individual heat-induced product transformations
determining the product characteristics.

To illustrate the potential of this approach a given industrial UHT (Ultra High
Temperature) plant is optimized. The optimization results demonstrate that with regard
to conventional industrial plants this approach may result in a substantial (move than
50 %) reduction of the operating costs, without concessions to the product quality. In the
plant described the milk should be heated to 145 °C with a heating rate of 4 K/s and
minimum holding time at this temperature. An additional holder should be applied in
the heating trajectory at an operating temperature of 90.5 °C and a vesidence time of
about 15 minutes.
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5.1 Introduction

The increasing availability of kinetic data of relevant transformations has stimulated
a reaction engineering approach to obtain optimal product quality. Some papers
have been published on this topic over the last ten years [1, 2]. However, these
authors based their investigations on a constant temperature and have not
considered the complete time-temperature profiles during the heat treatment of
milk. The dynamic optimization method recently used by Arteaga et al. [3] was a
first attempt to incorporate heating and cooling zones. They divided the time-
temperature profile into a limited number of sections operating at a constant
temperature.

Besides the product transformations, the fouling of heat treatment equipment is
an important aspect of process operation. The major part of the variable production
costs is related to this phenomenon. Therefore, optimization of heat treatment
processes requires appropriate mathematical models for both heat-induced product
transformations and fouling. In principle the quantitative fouling model of
Chapter 3 clears the way for process optimization with respect to product trans-
formations and operating costs; the latter in terms of investment, energy costs,
environmental load and product losses.

In this chapter a comprehensive optimization method is developed based on
minimizing a formulated objective function, which comprises the costs of deviating
from the ideal product quality and the processing costs. The method is integrated
in a computer program, called HCOPT. To illustrate the potentiality of this
approach a given industrial UHT (Ultra High Temperature) plant is optimized.

5.2 Optimization method
5.2.1 Objective function

The functional properties of the final product and the fouling rate of the equipment
are determined by the conversion of so-called key-components, which is influenced
by a number of factors. For heat-induced conversions the main factors are
temperatures and residence times in the equipment. For fouling the dimensions of
the equipment are also important factors. All these factors may be considered as
control variables of the process optimization.
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In order to determine the optimal values of the control variables, a general
objective function is formulated:

F/obj(u’x) = O‘Cquality(u’x) + 6Cprocess(u) (5.2)

where u is a vector of control variables such as temperature and flow, and x a
vector of process variables such as desired properties of the product. The value of
F’ 1,j represents the distance to the objective defined by the two terms. These terms
are: (1) costs due to a deviation from the desired functional properties, the quality
of the product and as a consequence the consumer acceptance, and (2) costs due to
operation of the process, e.g. fouling of the equipment. The absolute minimum of
the function corresponds with the optimal process conditions and design. To avoid
trivial and undesired solutions, the weight factors o and 8 are introduced. These
weight factors give the relative importance of each term of the objective function.
For example: too high a value of 8 may result in a clean apparatus but an inferior
product quality.

In fact the objectives of process operations in terms of product characteristics
are often difficult to measure in an objective manner, since the only direct sensors
are the consumer’s eyes, hands, mouth and health [4]. Such measurement methods
are long, costly and may even be dangerous. This introduces a human factor or,
more precisely, a management decision, indicating that the choice of weight factors
will always be a matter of weighing up the product quality and operating costs
against each other. Since it is almost impossible to fit the consumer’s behaviour into
a mathematical model, the objective function has to be reduced to terms which are
indirectly related to costs. In that case the costs related to the product characteristics
might be represented by the deviation from the desired conversion of milk
components, and the process operating costs might be related to the fouling of the
equipment. So the objective function is given by:

e I L A
Foux) = Yo [ 224 70 g f _ ET gy (5.2)
o ; ' X des 'C[ Atot]F,ref(u)

where o is the weight factor relating to the desired conversion (x; 4J of milk
component i. The first term is the sum of deviations from the desired conversions
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Fopj (Ug,UpXq. %)

o

oy
Vi
o
S

200 u, (tins)

Figure 5.1 Example of evaluation of Fobj with 2 control variables; X4 des=0-15 (a-lactalbuminy,
Xz,des=°-999 M.luteus) !

of milk components. The second term gives the total fouling rate of the equipment
divided by a reference value, for example, the maximum fouling rate in a given
situation.

An example of the shape of the objective function is shown in Figure 5.1. There
are two control variables: the temperature and the time of a heat treatment. The
minimum of the three-dimensional surface corresponds with the optimal
temperature and time with respect to the desired conversion of component 1 and 2
(x4 and x,). It is obvious that the smoothness of the surface and the number of local
minima depend largely on the number of process values, i.e. the number of
(sub)terms of the objective function.

5.2.2 Numerical methods

To find the minimum of the objective function a modified search method is used,
based on the constrained Hooke & Jeeves method [5, 6]. Figure 5.2 shows a flow
chart of the search method. First the objective function is defined by selection of
the control variables, the process variables and the weight factors. There are defined
four types of process variables: the absolute, maximum, minimum and range type.
The contribution to the objective function of each type of process variable is given
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Definition of objective function,
control and process variables

\

Function evaluation at the
basic vectors

\

Selection and function evaluation of
the initial base point

\
( Start at base point ]
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Explore about base point
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A

Reduce step length

Is
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enough?
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( Finish ]

Revert to previous base point

Figure 5.2 Flow chart of the constrained search method I5, 6l
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Table 5.1 Types of process variables

Type Condition Contribution Example
to Fyp
absolute Kges™ X2 protein denaturation X . =..%
denatured g-lactoglobulin

minimum X < Xygq = Kyes %2 destruction of micro-organisms

X > Xges = [¢] X4es= 8 decimal reductions)
maximum X < Xgqo 0 ) fouling X o= 0

X > Xyos = Kges™ X
range Xgesmin< X < Xges max = 0 protein denaturation

2
< Xges,min ¥ X > Xges max = Kges X

in Table 5.1. For example: milk used for production of yoghurt should have an
absolute denaturation degree of S-lactoglobulin of about 90 % [7, 8]. In the case of
sterile dairy products, no active spores should be present [7]; generally expressed as
a minimum number of decimal reductions (log C/Cp). In principle the conversion
of each milk component, as listed in Chapter 1, might be a process variable.
However, it turned out that each dairy product has its own desired conversion of
key-components [7]. In Appendix 5.I an example is given of the definition of an
objective function and its evaluation in the constrained search method.

After definition of the objective function, the function is evaluated for the basic
vectors of the search region. The search region can be imagined by a full N-
dimensional space of vectors containing N control variables (xy-plane in Figure 5.1).
Since the control variables have an upper and lower limit, the vector space is
limited by boundary walls and spanned by 2N so-called basic vectors [9]. Each basic
vector contains a combination of upper and lower limits of the control variables.
For example, in Figure 5.1 the search region can be imagined by a rectangle with
four basic vectors, i.e. the angular points of the xy-plane.

The next step is the selection of the initial base point from which the search
starts. The purpose of the succeeding exploration about the base point is to acquire
knowledge about the local behaviour of the function. If the function is reduced by
adding a step length, the length is increased. If not, the step length is decreased. The
knowledge of the exploration is used to find a likely direction for the pattern move
(new base point) to obtain a larger reduction in the value of the function. The
optimization is terminated when the step length has been reduced to a
predetermined small value.
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To escape from local minimum points, several initial base points can be selected.
There are three types: (i) the best basic vector, (ii) the weighted centre vector of the
space or (it1) a vector with selected values of the control variables, e.g. the optimal
values of a preceding optimization.

5.2.3 Program description

To apply the described optimization method, the computer program HCOPT
(HeatCard-OPTimization) is developed. HCOPT is programmed in Pascal and runs
on an MS-DOS PC. The user interface of the program and the calculation
procedures are similar to HeatCARD (see Chapter 4). Figure 5.3 shows the input
window of the program.

The heat treatment equipment which has to be optimized is defined by a
cascade of up to 8 model reactors (sections) in series. The residence time and the
inlet and outlet temperatures of each reactor can be defined as control variables. In
Figure 5.3 the control variables are defined by a lower and upper limit. For
example: the residence time of the holder (HLDR) is varied between 0 and 20

D {HA L
© Whole Hilk
-

PPP 1308
HLDR 6-26
PR 3.193

Depasit 8
Pestr. B. stearotherm. spores 8-3
Form. Colour (@0 [{a; g1 8
Loss  Thiamin () 183
-1

5

4]

Form. Hydroxymethylfurfural Ipmeis1lR

{ #b6n Bi-Peip

Figure 5.3 Input window of the optimization program HCOPT (PPP is equal to PHP)
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Table 5.2 Available reactor types in HCOPT

Reactor type control variables
a b .
Toutlet T Agpec Embedded section
0 © mimdy T Ayl
O @ mImd
PFR: Non-isothermal plug ® [ J [ ]
flow reactor
CSTR: Continuous stirred ® [ )
tank reactor
HLDR: Isothermal holder ® ®
tube
PHP: PFR with embedded ™ of ° ° ° ®
HLDR section
PCP: PFR with embedded ™ o ™ ™ ° °
CSTR section
a Tinlet only at the first reactor of the cascade

Kept constant during one optimization
€ Residence time of the embedded section excluded

seconds; the inlet and outlet temperature of the heater section (PPP = PHP) are
taken as constant. Table 5.2 gives a review of the available reactor types. The
reactors PHP and PCP were introduced to evaluate the effect of an interstage
holding section in the heating zone on the amount of deposits (see Chapter 3). The
temperature of this "embedded" section determines its location in the heating zone.
For example, in Figure 5.3 an optimal holding temperature of 70 °C means that the
embedded section should be positioned exactly in the middle of the heater.

With HCOPT it is possible to construct an objective (or target) function based
on the reaction data editor of HeatCARD (see Chapter 4). In total 6 process
variables with regard to fouling or conversion of key-components can be defined.
The desired (or target) value of the process variable can be entered as a range or as
an absolute value. In the case of minimum and maximum values as mentioned in
Table 5.1, the upper and lower limit has to be set to a high value or zero,
respectively. For example, a minimal decimal reduction of 8 spores is entered as a
range between 8 and, e.g. 40. The unit of the target value corresponds to the unit
of the initial concentration of the key-component given in the reaction data editor.

HCOPT has some features to avoid the trouble of finding a local minimum. It
is possible to select several initial base points. Besides, when an optimum is found
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the program explores about other points away from the actual optimum, e.g. the
best basic vector of the vector space.

5.3 Case-study
5.3.1 Equipment definition

Figure 5.4 shows a schematic representation of an arbitrary plate-type indirect UHT
plant as described by Burton [10] which has been used to illustrate the optimization
method. Whole milk with a temperature of 5 °C is heated to a variable UHT
temperature, held at this temperature for a certain time and cooled again to 40 °C.
Heat recovery is obtained by circulating water. During the optimization the milk
inlet and outlet temperature were kept constant and the UHT temperature was

Ciréulaﬁng water
 —
' Steam
' |
' —
CARASAS
A JifAvs Y
\ 'R \/
Milk inlet
A
Heater Cooler
o | Holder I :::::::
5°C Milk outlet

40°C

135-150°C

Additional holder
(optional)

HCOPT-format

PHP HLDR PFR

Figure 5.4 Arrangement of the optimized UHT plant with its HCOPT-format
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varied between 135 and 150°C. The heating rate was varied between 0.1 and 10 K/s.
As a result of the chosen temperatures, the heat recovery of the plant lies between
about 73 and 75%.

At the prescribed constant temperatures and heating rates, the necessary heat
transfer area in the heater and the cooler follows from the heat balance and the heat
transfer equation as given in Appendix 5.IL. Figure 5.5 shows the calculated size of
the heat transfer area as a function of the heating rate and the UHT temperature.
It is obvious that a high heating rate results in a high temperature difference in the
heater. Consequently due to the increasing water outlet temperature, the
temperature difference in the cooler will be lower and thus the heat transfer area in
the cooler will have to be increased. At low heating rates the temperature difference
in the cooler will reach the maximum value of 35 degrees. The maximum heating
rate lies at about 10 K/s. In that case the temperature difference in the cooler is
zero, resulting in an infinite heat transfer area.

The amount of deposits in heat treatment equipment can be reduced by an
additional holder in the heating trajectory (see Chapter 3). In this holder section the
unfolded B-lactoglobulin (8-g) is transformed into aggregated B-lg, which is unable

1000 R —— Ty =135°C
S B Tuwr = 150°C
Constants: L, = 4000 Wim?K,

‘\1\

E Vimiik = 0.5 mUs,
:; Fmit = 10 ton/h,

u -

‘g ' Pvater = Pk
a 100}

= 3

Q

7]

S LN

£

el

©

I

I

cooler 3
10 e ememmmmmmammm === =TT
r
P N

01 1 10

Heating rate (K/s)

Figure 5.5 The calculated heat transfer area in the given UHT plant related to the heating rate
and UHT temperature
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to play an active role in the fouling process downstream of the holder section. To
quantify the advantage of this additional holder, the optimization runs were carried
out both with and without the additional holder.

5.3.2 Process and control variables

According to Kessler [7] the quality of UHT milk is controlled by destruction of
spores on the one hand and the loss of thiamin (vitamin B;) and formation of
hydroxymethylfurfural (HMF) on the other hand. The concentration of HMF is
considered as an important parameter for controlling the progress of the Maillard
reactions (see Chapter 1), resulting in a cooked flavour and browning [10, 7].

Table 5.3 gives the desired values of the process variables used during the case-
study. It is obvious that these are target values. Particularly with respect to deposit
formation the target value will never be reached. The ratio between the weight
factors for the conversion of the key-components and the deposition is based on the
boundary condition that product quality is considered as a more important topic
than fouling of the equipment and that the destruction of B. stearothermopbilus
spores should be more than 8 decimal reductions (C/C, < 10%) in any case [2]. The
selected ratios in Table 5.3 turned out to give satisfactory results. Lower ratios
between the weight factors resulted in less than 7.5 decimal reductions of spores in
some cases. Higher ratios had almost no effect on the product characteristics but
increased the fouling rate of the equipment. The weight factors belonging to the loss
of thiamin and the formation of colour had a minor effect on the value of the
objective function.

Table 5.3 Process values and their weight factors

Reaction? Desired value of process  Weight
variable factor a,p

Destruction of B. stearothermophilus spores > 8 decimal reductions 25

Loss of thiamin <3% 5

Formation of hydroxymethyifurfural (HMF) < 10 umol/l 5

Formation of colour (browning)® <1 5

Deposit formation 0 1

2 kinetic data given in Chapter 1 (key-components) and Chapter 3 (deposit formation).
b4 - no change in colour (perception threshold), 2 = light ivory, 4 = saffron-yeliow, 10 =
brown-yellow.



CHAPTER 5 91

Table 5.4 Constraints on the control variables

Control variable Constraints
Lower limit Upper limit

UHT temperature (°C) 135 150
Temperature of additional holder (°C) 5 UHT temperature
Heating rate (K/s) 0.1 10

Residence time of holder at UHT temperature () 0 2000

Residence time of additional holder? (s) 0 2500

2 Ao = 30 m2m3,

spec

Table 5.4 gives an overview of the control variables and their constraints. These
are the UHT temperature, the heating rate and the use of an additional holder
section. A number of control variables affect not only the selected process variables,
but also the operating costs of the plant.

5.3.3 Results of minimizing the objective function

Control variables
Figure 5.6a-c show the optimal values of the control variables as a function of the
UHT temperature and the heating rate, with and without an additional holder. The
operating temperature of this second holder increases with the heating rate and
turns out to be independent of the UHT temperature. This can be explained by the
denaturation kinetics of 8-Ig (see Chapter 2). In the holder "sticking", unfolded 8-lg
is transformed into aggregated B-lg, which behaves as a more or less inert
component. So the concentration of unfolded B-lg downstream of the holder is
decreased, resulting in less deposits in the heat exchanger. It is obvious that the
holder should be positioned in the heating trajectory before the maximum
concentration of unfolded @-lg has been reached. At a low heating rate the
concentration peak of unfolded B-lg and the related deposition rate of milk
constituents is obtained at a relatively low temperature (see Chapter 3). Therefore
the optimal holder temperature increases with heating rate. The plateau at 90.5 °C
between a heating rate of 1 and 8 K/s has relation to the changing kinetics of g-lg
at this temperature (see Chapter 2).

The optimal residence time of the additional holder is related to the total heat
transfer surface, i.e. residence time of the UHT plant (see Figure 5.5). Too long
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residence times will result in an over-processed product. At relatively high UHT
temperatures and low heating rates, no additional holders can be used because of
exceeding the upper limits of the process variables, particularly the formation of
HMF.

The required residence time at UHT temperature is governed by the desired
destruction of spores. Figure 5.6c shows the required residence times to achieve at
least 8 decimal reductions. At low heating rates, i.e. large residence times in the
heater; a part of the destruction takes place in the heater, resulting in a shorter
necessary residence time at UHT temperature. With an additional holder and a
UHT temperature of 150 °C all the spores are destroyed in the heater and the first
part of the cooler at any heating rate.

Process variables

Figure 5.7a-c show the transformation of the key-components at the optimal values
of the control variables as a function of the UHT temperature and the heating rate,
with and without an additional holder. The destruction of B. stearothermophilus
spores was more than 8 decimal reductions in all cases.
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Figure 5.8 Optimization results: total fouling rate of the UHT plant (process variable), with and
without additional holder
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In general the transformations decrease with increasing heating rate as a result
of the shorter residence times in the plant. Regarding the desired values of the
process variables in Table 5.3, it can be concluded that the applicable heating rate
is limited by the formation of HMF. Depending on the UHT temperature and the
use of an additional holder, the heating rate should be higher than about 1 K/s.
With an additional holder the lowest HMF concentration is obtained at a heating
rate between 4 and 7 K/s and a UHT temperature of 145 °C. Under certain
conditions the use of an additional holder increases the heat-induced transformations
in the product. Particularly in the case of loss of thiamin the dashed lines lie above
the continuous lines. However, between a heating of 4 and 7 K/s the maximum loss
of 3 % is not exceeded.

The calculated fouling rate of the equipment is shown in Figure 5.8. Since the
total heat transfer area is reduced by an increasing heating rate, the total fouling rate
in the UHT plant also decreases with increasing heating rate. The total fouling is
substantially reduced by the additional holder section. In the range of a heating rate
of 4 to 7 K/s and a UHT temperature of 145 °C, fouling is reduced by more than
65 %.

5.3.4 Effect on operating costs

Figure 5.9 shows the operating costs of the UHT plant, expressed in Dutch guilders
per (metric) ton of treated milk, as a function of the cost-related control variables.
Taken into account are: depreciation of the plant, interest, energy costs, product
losses, cleaning costs and costs of pollution. An extensive description of the method
for calculation of the operating costs and the assumed charges are given in Appendix
5.111.

Considering the shape of the curves it is clear that the operating costs are most
affected by the fouling rate and the size of the heat transfer area. Including the
preceding optimization results it is possible to estimate the optimal process
conditions of the UHT plant with respect to product quality and operating costs.
From the point of view of operating costs an additional holder should be used and
the heating rate in the heater should be about 4 K/s with an arbitrary UHT
temperature. Combining this with the conclusions of the values of the process
variables, especially the formation of HMF, the optimal heating rate is 4 K/s with
a UHT temperature of 145 °C. From Figure 5.6a-c it follows that under these
conditions the additional holder should have an operating temperature of 90.5 °C
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Figure 5.9 Optimization results: total operating costs of the UHT plant expressed in Dutch
guilders per treated ton of milk, with and without additional hoider

and a residence time of about 15 minutes. When the optimized UHT plant is
compared to a number of conventional UHT plants without an additional holder
[11], it is found that the operating costs are reduced by more than 50 %.

Regarding the relatively large volume of the additional holder (2500 litres), the
use of a continuously stirred tank instead of a tubular holder may be recommended.
The disadvantage of an increased residence time distribution by the tank has no
effect on the microbial quality of the product, since the spores are destroyed
downstream the additional holder.

5.4 Conclusions

The complex relation between process design and operation, operating costs and the
product characteristics recognized by the consumer requires a systematic
optimization approach. The described optimization method for heat treatment of
milk and milk products turns out to be a useful method for defining the optimal
design and operation of heat treatment equipment in the dairy industry. The main
advantages of the method are the incorporation of deposit formation at heat transfer
surfaces and the versatility with respect to the equipment design, supporting non-
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isothermal sections like heaters and coolers. The method also accounts for the
relative importance of the individual heatinduced product transformations
determining the product characteristics.

The optimization of a given industrial UHT plant demonstrates that this
approach may result in a substantial (more than 50 %) reduction of the operating
costs, without concessions to the product quality. In the plant described the milk
should be heated to 145 °C with a heating rate of 4 K/s and minimum holding time
at this temperature. An additional holder should be applied in the heater at an
operating temperature of 90.5 °C and a residence time of about 15 minutes.

Notation

Area (m?)

Specific area (m%-m™)

Costs (fl-(unit of material) ™)
Concentration (kg-m?)

Heat capacity (Jkg1K)

Objective function

General objective function (fl-h?)
Interest (%)

Costs (fl-hY)

Operating costs (fl-yr'l)

Mass flux of adsorbing milk constituents (kg-m™-s)
Length (m)

Number

Plate distance (m)

Time (s)

Temperature (K)

Vector of control variables

Heat transfer coefficient (W-m2-K)
Velocity (m-s?)

Width (m)

Conversion (kg-kg)

Mass fraction (kg'kg™!)

Vector of process variables, i.e. conversions

NN

spec

NeXoXs

o]
o
=

lps)
)
o
R=p

Vector of weight factors with respect to conversion of key-components
Weight factor with respect to deposition

QQ%RM@@Q;.\;NM;:NM\‘;.‘\_._.
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P Density (kg'm™)

T Residence time of a reactor (s)
¢ Mass flow (kgs?)

Subscripts, indices and abbreviations

ch Change-over (rinsing losses)
cl Cleaning

CSTR Continuous Stirred Tank Reactor
depr Depreciation

des Desired

emb Embedded (section)

en Energy

F Aggregates of milk constituents
HLDR Holder

IE Inhabitant Equivalent

int Interest

loss Product losses

max Maximum

min Minimum

op Operator

PFR Plug Flow Reactor

PCP Pfr - Cstr - Pfr

PHP Pfr - Hldr - Pfr

pol Pollution

prot Protein

ref Reference

run Run (time), operating (time)
tot Total

UHT Ultra High Temperature

X Process variable

0 Initial
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Appendix 5.I: The definition and evaluation of the objective function
in the constrained search method

In this appendix an example of the definition of an objective function is given,
based on the input window shown in Figure 5.3. The vectors u and x4, of equation
(5.2) are then given by:

TPHP emb >8 iecl:.red. i
u = TPHP,emb Xdes = <3 9 (5 ’ )
THIDR <10 pmol/1
with
25

S HENES (5A.2)
5

Since there are 3 control variables, the objective function has to be evaluated for
23 = 8 basic vectors (see Figure 5.2):

I
o ] (5] - ]

where each basic vector contains a combination of upper and lower limits of the
control variables.

Next the initial base point of the optimization can be calculated from the weighted
centre of the basic vectors:

Fopjlu1,2,3,4%) (6000 - 0)

+
;obj(“L.saX;
{u X
ob]( 1,2,5,6 )_(135 ~5) (5A.4)
Fob] Uy.8X
ob](u1357’ x) 20 - 0)

+
Fopi{uq g%

Upbase =
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Another possibility is to select the basic vector with the lowest value of the
objective function as the initial base point.
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Appendix 5.II: Calculation of the heat transfer area of the
UHT plant

The size of the heat transfer area of the heater is determined by the heating rate and
the UHT temperature (see also the legend of Figure 5.5). The residence time of the
heater follows from:

TUHT_ 5°C

Theater ~ 7 (5A.5)
with T the heating rate.
The heat transfer area of the heater is given by:
Apeater = 2nplan:esl'plate @plate (5A.6)
with
nplatestlate = Theater Ymilk (A7)
and
b
Wplate = —mlu‘{“"‘—‘ (5A.8)
Pmilk Ymilkplace
Substitution of (5A.7) and (5A.8) in (5A.6) results in
Apeater = 2° _—Theater Poilk (5A.9)
PmilkSplate
with ;15 the plate distance (= 0.008 m).
With ¢ 1= Pwarer» the Water temperatures follow from the heat balances:
(QSCp)mﬂk(TUHT— SOC) = (d) Cp)water(Twater,O_ Twater,l) (5 A.lO)
(¢ Cp)rnllk(40°(:- TUHT) = (¢ Cp>water(Twater’l_ Twater,Z) (5A11)

1 (5A.12)
UAheateri[(Twater,O_ TUHT) + (Twater,l_ SOC)] = (d’ CP)milk(TUHT_ 5 C)
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where Tyarer 00 Torater,1 31d Tqpper 7 are the water temperatures at the inlet of the
heater, the outlet of the heater and the outlet of the cooler, respectively (see
Figure 5.4). The heat transfer surface of the cooler is given by the heat balance of
the cooler:

1 (5A.13)
UAcooleri[(Twater:Z‘ Tymr) + (#0°C- Twater,l)} = (# Cp)n(TumT~ 40°C)
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Appendix 5.III: Method for calculation of the operating costs

Table 5.5 Assumed constants and charges with respect to operating costs of a UHT plant

Description Value Symbol
Charges
LE. (Inhabitant Equivalent 60 fl-year’ i
steam 2250  flton’ Coteam
overall equipment costs 1000 fl-m? €4
Milk 080  flkg” Cmilk
Energy, water, cleaning agent during cleaning
Product change over (rinsing losses) 210  fih iejen
Operator costs during cleaning 230  fih" Jetch
Depreciation of cleaning equipment 6 f-h?! et op
Interest 6 fih’ Ici de
A -Cl,aepr
8 %-year i
Process conditions
Milk flow 10 tonh” .
Annual operation time 5000 hyear™” tear
Cleaning time per run 25 h t
overall heat transfer coefficient 4000 wm2? -
Reference fouling rate of equipment (t, =
10 hy 80 gh” Pr ref
Others
Protein fraction in deposits 06 XprotF
Protein fraction in milk 0.033 xlmt'milk
Number of LE.'s per kg of deposits 18 kg deposit)'1 N ’
Depreciation of UHT plant 10 year tdepr

The assumed constants, charges and their notation with respect to the operating
costs are given in Table 5.5. The total operating costs per year of a UHT plant are

divided into six parts: costs of depreciation of the UHT equipment, interest, costs

of product losses, costs of cleaning, costs of pollution and costs of steam,

respectively:

Jtotal = Jdepr"' Jine* Jioss* Ja+ Jpol"' Jsteam

where

J depr = (Aheater +Acooler) ) i

054

Jine = (Aheater+Acooler> 100

€4

epr

€4

(5A.14)

(5A.15)

(5A.16)
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Xprot,F
Tioss = $F “tyear” ———"Cmilk (5A.17)
Xprot,milk
L . . . .
Ja = tyear 'tcl'(lcl,en"L Jelch* Jelop* Jcl,depr) (trun= 25 h) (5A.18)
run
_ . NEIE 5A19
J pol ~ oF Lyear 3¢5 ( )
Jsteam = Psteam “Lyear “Csteam (5A.20)
with
P 3. (5A.21)

run or ref

where ¢, is taken as 10 h. The deposition rate of the UHT plant, ¢, includes the
deposition rate of the holder sections. To avoid unrealistically long calculated
operating times the maximum of the operating time was set to 25 hours. Longer
operating times are not applied in the dairy industry because of possible bacterial
growth in the equipment.

The operating costs can be expressed in costs per (metric) ton of treated milk by
dividing the total costs by the annual production.
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Abstract

This chapter presents the results of experiments with a commercial infuser in which jets
of milk were heated. A mathematical model is developed to describe the beat and mass
transfer from steam to milk in the presence of air. The model showed reasonable
agreement with the experimental vesults and is used for quantitative interpretation of
the experimental results.

With the infuser it was possible to increase and decrease successively the temperature
of the milk by move than 90 K within one second. Air accumulation within the bundle
of jets turned out to be related to the number of jets and had a negative effect on the
heating rate. Comparing the denaturation measurements of whey proteins with recent
results of other authors indicated that the heat treatment of the infuser investigated is
more gentle and gives less damage to the product than a steam injection plant. Fouling
of the distribution device could be avoided if the initial Reynolds number of the milk
jets was over 10 000.
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6.1 Introduction

In general, high heating and cooling rates and short residence times of holder
sections in pasteurization and sterilization equipment result in a high quality and a
long shelf-life of the dairy product [1, 2]. In other words, an optimal selectivity of
desired conversions (e.g., destruction of bacteria) over undesired conversions (e.g.,
loss of vitamins) is then obtained. Theoretically it is possible to inactivate a certain
micro-organism without other chemical or physical conversions like for instance
protein denaturation. The well-known UHT (Ultra-High-Temperature) procedure
is based on this principle (see Chapters 1 and 5).

The highest heating rates can be reached by direct heating systems: injection of
steam into the product or distribution of milk in a steam vessel, i.e. steam infusion.
Other advantages of direct heating systems are their ability to process more viscous
products, particularly those that cannot satisfactorily be handled in plate heat
exchangers, and their comparative freedom of fouling. Burton [3] suggests that the
heating process is gentler with steam infusers than with steam injectors, since steam
infusion does not involve condensation of vapour bubbles and associated implosion
of cavities. Besides, energy can be recovered by coupling of two or more infusers in
series.

Esnouf & Mansour [4] used the steam injection process to obtain a temperature
rise from 80 °C to 160 °C in 0.15 s. The milk they treated had organoleptic
properties close to those of pasteurized milk. The whey protein denaturation was,
however, higher than expected.

This chapter presents the results of experiments with a commercial infuser in
which jets of milk were heated. A mathematical model is developed to describe the
heat and mass transfer from steam to milk. The model is used for quantitative inter-
pretation of the experimental results. The results of the protein denaturation
measurements are compared with those of Esnouf & Mansour [4].

6.2 Mathematical model for heat and mass transfer
6.2.1 Problem definition and assumptions
Figure 6.1 shows a schematic representation of the infuser system. In most cases

there is a steam pressure vessel with a conical base in which the heated product is
collected. Depending on the distribution method used, the product passes
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product in @ *
Py

liquid
\ . distribution
steam in _&—) device

steam vessel

> deaeration

product out

Figure 6.1 Scheme of the infuser system

downwards as a film, as a jet or as droplets through the steam atmosphere. Most of
the research in this area has focused on the condensation of steam from steam-air
mixtures on single water droplets, resulting in very complex models [5, 6, 7). The
temperature responses were best described by a model in which it is assumed that
the liquid in the droplets is partially mixed [6].

In this study the rate of heat transfer is predicted for a bundle of free-falling jets
in a mixture of steam and air as schematically shown in Figure 6.2. In case of an
effective deaeration of the vessel, the concentration of air outside the bundle of jets
is assumed to be negligible. However, within the bundle air might be accumulated
as a result of restricted deaeration of the liquid due to the configuration of jets and
the steam flux towards the bundle.

Heat transfer to one jet
The rate of heat transfer to a jet is equal to the increase of enthalpy of the jet:

d‘I)‘VpLCLTL
¢ A; = [ dep ) 6.1)

It has been proved that in this type of heat transfer problems the internal resistance
to heat transfer is so low that it can be ignored [5]. This assumption implies that
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|
milk (jiquid)

Figure 6.2 Scheme of the proposed model for simultaneous heat and mass transfer by steam
condensation on a bundle of free-falling jets
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there is no temperature gradient within the jet.
The total heat release at the interface, ¢, is equal to the sum of g, and the latent
heat of condensation at the interface:

9 = 4s * bv]HZO (6' )

Mass transfer occurs simultaneously with the transfer of heat as a result of the
imposed temperature difference and the absorption of heat by condensation of
steam. Assuming that no absorption of air occurs, the local total mass transfer
through a boundary layer with thickness 9; (see Figure 6.2) is given by the
following equation [8]:

90 dyer o 1 - ym,00
Ja,0 = Ck J 2 = Chln | — 2 (6.3)
air 1 -yH,00
YH 0,8
By approximation, for small gradients equation (6.3) can be simplified to [9]:
Ck;
/0 = =H,00" YH,04) ©4)
Yair

where y ;. is the average air fraction in the boundary layer.

As a result of the temperature difference, there is a heat flux described by the
ordinary heat transfer coefficient o in the absence of mass transfer. In terms of the
film theory this heat flux is M-d7/dz), with N = ad;. The local sensible heat flux g;
to the interface includes the sensible heat as a result of the decrease in temperature
of the water vapour passing the film:

dT
qs = )\[*..CTZ_] + ]Hzoc ,HzO(TO - Ta) (65)

Rearranging with A = ad;:
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;0 T dT
R (6.6)
015]' £ 7[5 qs — ]HZOC]),HZO(T - T‘S)

and integrating [8]:

JH,0 CpH,0

9s = (TO - T(S)
-J1,0C,H,0 €7)
1 - exp _._2_17’.2_

«

The first term after the equal sign in equation (6.7) may be considered as a heat
transfer coefficient corrected for mass transfer.

Substitution of equations (6.7) and (6.2) into equation (6.1) with A;/V; = 4/d; and
T = Ty gives:

a7y~ 4 J1,0 G0
de e Corydi |1 - eXP(—szo G0/ O‘)

(To - 1) + hJu,0 (68)

v = \/voz + 2gx (6-9)

At a given increase of the liquid temperature the air fraction between the jets
(1-yy ,0,0) can be calculated. Appendix 6.1 gives a more detailed description of the
calculation method.

Heat transfer to the bundle of jets
Assuming that the air fraction outside the bundle of jets is negligible, the steam flux
towards the bundle jets can be described by

J,00 = #5C(1 - y1,0,0) (6.10)

where the reciprocal of %, represents the resistance of the bundle of jets to mass
transfer.
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6.2.2 Heat and mass transfer coefficients

Heat transfer to one jet

The heat transfer coefficient o and the mass transfer coefficient &; of the gas phase
are described by experimental correlations, expressed in the dimensionless groups of
Nusselt and Sherwood. The analogy expressed in terms of the Nusselt and
Sherwood numbers is reported as [8]:

Nu or Sh = 0.023Re%¥(Pr or $¢)%% (6.11)
where
d-:
Nu = 0 (6.12)
A0
o - 59 (6.13)
Dap

To estimate the diffusion coefficient D p the Fuller, Schettler and Giddings relation
is used [10]:

7
7

31
0.01T MHZO+M*‘“]7

My1,0Myir

2
1 1
3 3
pt [szo + vair]

where p, is the total pressure of the gas mixture.

Heat transfer to the bundle of jets
To quantify the mass transfer coefficient for the transport of steam to the bundle
of jets (k) a modified Sherwood relationship is used:

Shy, = cz'Ref -njc (6.15)

where
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Spy = oG ouer (6.16
Dyp
and
Re, = PsT aj_”j,outer (6.17)
Ns

averaged over the length of the jets. The coefficients #, b and ¢ are unknown and
have to estimated from experimental results. It is known that for gas flow
perpendicular to a cylinder, 4 is about 0.6 [8]. Besides it is expected that the number
of jets will affect the resistance to mass transfer and deaeration of accumulated air
within the bundle of jets.

6.3 Materials and methods
6.3.1 Experimental set-up

The experiments were carried out with preheated skim milk (10 s at 65 °C) on a
commercial infuser system. The nominal capacity was 2500 1/h and the maximum
pressure in the vessel was 8.5 bar. The arrangement of the experimental set-up is
shown in Figure 6.3. The milk was heated in two preheaters from 5 °C to the
desired inlet temperature of the infuser, which was varied between 45 and 70 °C. In
the infuser the product is split into a number of jets and passes downwards through
the steam atmosphere within 0.4 to 0.6 s, depending on the flow rate of the milk
and the liquid level in the cone. To reduce the degree of protein denaturation,
during the experiments the holding time after infusion was minimized to less than
0.5 s by maintaining a low level in the cone of the infuser and reduction of the
length of the connection tube to the expansion vessel. The cone of the infuser
vessel, where milk contacts the wall, could be cooled with water. The cooling time
of milk during instantaneous flashing to about 70 °C in the expansion vessel was
assumed to be negligible.

Table 6.1 gives a survey of the process conditions of the experiments. During
one experiment the temperatures were measured continuously by PT-100 elements.
The thermal efficiency was defined as:
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I~ Tip (6.18)

g = - =
Ts‘ TL,O

Samples were taken from two local sampling devices and cooled immediately. Each
process condition was held for at least 45 minutes. After a series of experiments the
infuser system was rinsed with water, dismantled, visually inspected for fouling and
cleaned by a CIP-installation (Cleaning-In-Place).

6.3.2 Analyses

From each sample the following data were collected:
® Degree of denaturation of the whey proteins immunoglobulin, bovine serum
albumin, B-lactoglobulin and o-lactalbumin separated by high performance gel

milk

storage
9 preheaters

P .

te sample
@
cooler (P

steam r
infuser

| O
|®

deaeration <—I—~

expansion

vapour

sample
cooler
Cp-b

milk out 1“1

Figure 6.3 Arrangement of the experimental infuser plant; P = pressure transmitter, S =
sampling device, T = temperature transmitter (PT 100)
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Table 6.1 Process conditions of the infuser during the experiments (for explanation of
symbols, see Notation)
EXp. ? . n; %0 Ling thold Tio Tiout Ts g
(m>/h) (mmy (s) (s) (o] e} °0

1 1.5 65 3.9 0.66° 1.74 65.8 100.5 103.0 093
2 15 26 39 0.58 1.56 66.0 140.0 1410 099
3 15 26 3.9 0.58 1.66 66.0 119.6 1211 0.97
4b 15 26 3.9 0.52 23.31 66.0 100.4 108.8 0.80
5 25 26 3.9 0.52 1.02 65.9 136.8 1404 0.95
6 25 26 39 0.50 2.66 65.9 131.4 139.0 0.90
7 25 26 3.9 0.48 4,75 65.9 128.6 1352 0.90
8 25 26 3.9 0.48 6.21 66.2 119.3 1264 0.88
9 25 26 39 0.49 4.45 65.8 109.0 116.3 0.85
10b 25 26 39 0.52 113 65.9 98.8 1079 0.78
" 15 26 39 0.56° 6.94 48.6 78.9 851 0.83
12 1.5 26 39 0.59° 2.42 481 83.3 871 0.90
13 15 26 3.9 0.59° 2.39 48.6 89.3 91.3 0.95
14 15 26 3.9 0.59° 2.35 481 94.3 951 0.98
15 1.5 26 39 0.58a 2.37 51.5 94.4 96.6 0.95
16 15 26 3.9 0.59° 2.19 48.4 120.6 1208 1.00
17b 1.5 26 3.9 0.59° 2.06 48.4 139.8 1409 0.99
18 25 26 39 0.52 143 65.1 1191 1262 0388
19 25 26 39 0.52 1.43 65.2 118.8 1248 0.90
20b 25 26 3.9 0.49 3.95 65.2 118.9 126.6 0.88
21 25 26 39 0.52 1.37 65.3 134.6 138.0 0.95
22 25 26 39 0.52 1.40 65.3 128.3 1359 0.89
23b 25 26 39 0.52 1.40 65.2 129.4 136.5 0.90
24 25 72 25 0.54 1.01 46.6 99.0 106.6 0.87
25b 25 72 25 0.54 1.02 46.9 99.2 105.3 0.90
26 25 72 25 0.54 1.00 65.5 118.0 123.2 091
27b 25 72 25 0.53 1.06 65.6 118.8 1235 0.92
28 25 26 39 Q.52 0.50 70.5 129.3 1314 Q.97
29 25 26 3.9 0.52 0.49 70.2 138.6 145.0 0.92
30 2.5 26 39 0.52 0.48 70.5 149.5 156.0 0.92
31 25 26 3.9 0.52 0.50 70.3 158.4 163.8 0.94
32b 25 26 3.9 0.51 0.69 70.3 168.5 1737 0.95
33 25 13 3.9 0.39 0.51 70.6 128.1 1351 0.89
34 25 13 3.9 0.39 0.50 70.7 138.6 1438 0.93
35 25 13 3.9 0.39 0.48 70.5 147.9 153.7 0.93
36 25 13 3.9 0.39 0.47 70.3 159.1 1611 098
37° 25 13 3.9 0.39 0.46 70.8 168.4 1711 0.97

@ The actual time would be higher than calculated because of fouling of the distribution device

resulting in diverging jets.
Last experiment of a series.



118 PERFORMANCE OF A DIRECT HEATING SYSTEM

permeation chromatography (HP-GPC) at pH 6.7 as described by De Wit and
~ Klarenbeek [11]. The determined degrees of denaturation were adjusted for the
normal concentration of total solids in skim milk (9 %).
* Amount of total solids in the samples.
After some experiments, deposits from the infuser system were analysed for the
amount of calcium, phosphorus and proteins.

6.4 Results and discussion
6.4.1 Heat and mass transfer

Effect of flow characteristics

During the experiments it was observed that after about 0.2 m the jet surface
became irregular but the jets did not break up into droplets. Therefore the milk
flow is considered as a number of jets, as mentioned above. It is assumed that due
to turbulence induced in the distribution device, the jets are ideally mixed (5 000 <
Rep o < 35 000) with a negligible internal heat resistance. This statement is
supported by Figure 6.4. Although there is an external resistance due to simulta-

1,0

of a

0s-
0,84
0,74
0,61

0,54

0,44 heat penetration theory

O experimental values

0,01 ' 01 ' 1
Fourier

Figure 6.4 Thermal efficiency (9 as a function of Fourier number; theoretical heat penetra-
tion considering the jets as an infinite cylinder
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neous heat and mass transfer, the heating rate in the infuser turns out to be much
higher than according to the conventional heat penetration theory in a stagnant
cylinder [12] under ideal conditions, i.e. no external heat resistance. This confirms
the internal mixing in the jet.

The high degree of internal mixing of the jets has two important consequences.
Firstly the heating rate in the infuser will be high in comparison with the heating
rate in droplets with less turbulence and partial internal mixing [6]. Secondly there
is no radial conversion gradient of heat-sensitive milk components. Each volume
element of milk has the same temperature-time history, which is important for
adequate destruction of micro-organisms [13].

Effect of air (inert) accumulation

Under operating conditions the infuser vessel was continuously deaerated and the
initial air concentration of milk (x,;, 1) Was less than 5-107; the desorption of air
out of the heated milk was less than 1 percent of the steam flux to the interface.
This means that the air fraction in the infuser vessel was very small and not
detectable by pressure measurements. However, within a bundle of jets the air
fraction of the gas phase might be substantially higher due to the accumulation of

10
/”’
94 R
exp. 2 /” L’
o .-
E 4 s L
'E ’ ,"' .-/
o L o /’
) g e
S 74 e L
%) e pul
£ ,ia' L, exp. 4
6+ =R
/' | ----- 95% confidence interval for responses I
5 T T T T
5 6 7 8 9 10
In Sh b,model

Figure 6.5 Correiation between Shb according to the experimental results and to the model;
experiments with fouled distribution device were rejected
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Figure 6.6 Comparison between the thermal efficiency (» measured and calculated with the
model

air between the jets, i.e. air is trapped by the steam flow to the jet surface. In
addition, the flow of steam together with traces of air may cause a local higher
concentration of air within the bundle of jets due to steam condensation (see also
Figure 6.2).

To quantify the air fraction in the boundary layer around the jets, the unknown
value of YH,0,0 in equation (6.3) was calculated from the measured heat pick-up
during the experiments. With this value of YH,0,0 the mass transfer coefficient of
the bundle of jets (&), given by equation (6.10), could be calculated and fitted to the
Sherwood relation given by equation (6.15):

Shy, = 128057 " Rey " (6.19)

As shown in Figure 6.5 there was a good correlation (Rg> = 0.937) between the
Reynolds number the number of jets and the Sherwood number calculated from the
experiments. Obviously accumulation of air increases with the number of jets. This
indicates that a more effective deaeration, e.g. positioned within the centre of the
bundle of jets, would considerably increase the combined heat and mass transfer
rate. As a result of the process conditions during the experiments, the variation of
the Schmidt number was too small (0.6-0.9) to establish a correlation with the
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Sherwood number. The power of the Reynolds number (0.58) is very close to data
reported in literature [8].

Figure 6.6 shows a comparison between the thermal efficiencies measured and
calculated with the heat and mass transfer model developed. Especially at values
above 0.9, the thermal efficiency is properly estimated by the model.

6.4.2 Denaturation of whey proteins

In Table 6.2 the results of the analyses by HP-GPC are summarized. The degree of
denaturation of the whey protein fractions in milk at the infuser inlet and after the
expansion vessel is shown. The measured values were adjusted to content of total
solids in skim milk (9 %). The measured initial concentrations of the whey proteins
fractions were:

* Immunoglobulin (Ig) 0.58 - 0.66 g/1;

® Bovine Serum Albumin (BSA) 0.26 - 0.29 g/1;

® 3-Lactoglobulin (3-lg) 3.62 - 3.86 g/L;

¢ a-Lactalbumin (a-la) 1.20 - 1.23 g/1.

The concentration of proteose-peptone was taken as 0.6 g/1 [4].

To evaluate the results, the measured degrees of denaturation were compared
with the calculated degrees of denaturation based on the kinetic data given in
Chapter 1 (Ig, BSA, a-la) and 2 (8-lg). The low denaturation level at the inlet of the
infuser was confirmed by the calculated values, which did not exceed 1 percent. In
Figure 6.7 determined degrees of denaturation of the whey protein fractions after
the expansion vessel are plotted against the calculated values. Figure 6.7d shows a
substantial underestimation of the denaturation of o-la by the kinetic models. Better
agreement was obtained with 3-lg and BSA, although the points were scattered. This
suggests that the underestimation in case of the a-la is not only due to experimental
inaccuracies but also to incorrect kinetic data.

Although the scatter of estimates of denaturation of the whey proteins may be
due to invalidity of the relative kinetic data, especially at high temperatures, other
facts may also play a role. At high temperatures a slight increase in residence time
may occur by diverging jets or deposit formation at the cone of the infuser vessel.
This would cause a considerably higher extent of denaturation with the high
denaturation rates at those high temperatures. For example, an increase in residence
time in the infuser by 0.5 s at a temperature of 160 °C would result in about 25 %
more denaturation of 3-lg.
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Table 6.2 Measured denaturation of whey proteins (-, protein not present, more than 90 %

denatured)
EXp. Infuser inlet Expansion vessel outlet
Ig BSA Alg a-a total g BSA Alg a-la total
%) (%) (%) (%) (%) (%) (%) (%) %) (%)
1 8.0 11.6 3.4 0.5 33 391 29.7 0.2 27.2
2 0.0 1.9 29 0.0 1.8 391 31.8 0.0 284
3 0.0 0.1 21 0.0 1.2 - 32.7 26.1 0.0 24.8
4 0.0 6.0 3.8 0.5 25 - 54.2 51.8 9.5 424
5 0.0 1.8 5.6 35 40 40.5 29.9 3.9 281
6 0.0 0.0 34 3.2 26 - 29.8 320 43 28.9
7 0.5 6.3 40 0.9 28 - 54.3 58.8 124 471
8 0.0 0.0 a4 1.1 28 - 54.6 58.5 13.6 471
9 - 00 0.0 4.4 1.6 29 455 54.7 8.2 43.6
10 0.0 0.0 43 1.2 2.7 - - - -
" 1.9 1.4 03 0.0 04 17.8 11.3 7.0 0.0 6.3
12 25 1.8 1.3 0.0 1.1 39.2 16.6 1.4 0.0 1.2
13 22 1.5 1.0 0.0 0.8 41.2 18.3 10.0 0.0 10.6
14 04 0.0 0.0 0.0 0.0 - 20.5 12.5 0.0 16.8
15 0.0 0.0 0.0 0.0 0.0 - 238 16.2 0.0 19.2
16 27 1.5 0.5 0.0 0.6 - 28.9 321 0.0 28.7
17 0.8 0.0 0.8 0.0 0.5 - 37.9 42.6 15.3 38.0
18 5.9 8.4 2.3 0.0 23 58.6 375 2.6 33.3
19 5.6 71 11 0.8 17 - 48.8 28.6 1.4 27.4
20 6.6 8.6 1.6 0.7 21 - 60.5 52.5 7.6 43.0
21 54 8.6 1.4 0.6 1.8 56.8 43.8 4.8 37.2
22 5.6 7.2 0.7 0.0 1.2 539 36.8 33 328
23 6.8 8.6 1.7 1.2 2.2 - 52.6 36.6 1.4 322
24 0.9 0.0 04 0.1 0.3 444 254 0.7 251
25 20 0.0 0.1 0.0 0.2 436 210 1.7 22.7
26 71 94 36 11 34 436 241 13 24.4
27 6.0 85 3.6 1.0 3.2 - 591 53.0 9.7 43.5
28 15.6 79 4.6 0.0 45 83.7 35.2 19.6 2.6 218
29 16.4 8.8 43 0.8 5.0 81.0 64.9 69.9 271 56.0
30 18.0 8.5 42 0.0 4.6 85.8 68.5 73.2 40.9 61.2
31 16.1 8.7 38 0.0 42 - - - - -
32 18.3 1.7 4.6 21 54 78.6 73.7 39.9 60.4
33 17.9 12.0 5.0 17 5.5 - - - -
34 16.6 9.9 4.8 1.5 5.1 81.5 535 1.3 431
35 19.5 10.9 6.3 25 6.5 - 33.7 3.8 30.8
36 17.3 8.2 33 0.2 4.0 80.5 43.9 7.9 36.6
37 18.8 8.3 3.7 0.0 4.4 - - 76.3 43.6 63.7
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Figure 6.7 Measured extents of denaturation plotted against those caiculated from the
Kinetic data given in Chapter 1 and 2
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Table 6.3 Results for denaturation of total whey proteins in two direct heating systems

steam infusion® Steam injection®
Exp. Process conditions® Measured and  Exp. Process conditions® Measured and
calculated calculated
denaturation denaturation
pre- heating cool- resp. pre- heating cool- resp.
heating ing (%) heating ing (%)
(°C/9) (°C/s) (°C/s) (°C/s) (°C/s) (°C/s)
30 71/34 150/0.48 69/8 61 33 6.1 75/30 160/0.35 65/30 67 30
32 70/34 169/0.69 69/8 60 48 71 75/30 160/0.35 65/30 52 30
35 71/34 148/0.48 69/8 31 3 81 73/30 160/0.35 65/30 56 29
36 70/34 159/0.47 69/8 37 37 91 69/30 159/0.35 65/30 53 28
37 71/34 168/0.46 69/8 64 42 101  75/30 160/0.20 65/30 46 25

111  75/30 160/0.20 65/30 45 25
131 73/30 159/0.45 65/30 48 31

2 This thesis
b Esnouf and Mansour (1990)
¢ combination of temperature and holding time

The statement that steam injection damages a product more than steam infusion
[3] can be supported by a comparison with the results of Esnouf and Mansour [4].
They described a steam injection process, heating milk from 80 to 160 °C in 0.15 s
with a holding time of 0.2 - 0.4 s. In spite of an extremely high heating rate, they
found degrees of denaturation of total whey protein between 30 and 70 %. In
Table 6.3 the measured and calculated degrees of denaturation of the infuser and the
steam injection plant of Esnouf and Mansour are compared. For both steam
infusion and injection the same kinetic data are used. In the case of the steam
injection plant the difference between measured and calculated values is (at the 0.05
level of significance) larger than in the case of steam infusion: 85 % and 34 %,
respectively. Besides it should be noted that Esnouf and Mansour found quite
normal calculated denaturation degrees when the milk was treated in a regular
indirect heat exchanger. So at temperatures above 150 °C, steam injection may
indeed give more damage to the product by cavitation or local superheating.
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6.4.3 Fouling

The infuser plant becomes fouled by formation of deposit at two places: the
distribution device and at the cone of the infuser vessel. The latter has little effect
on plant operation, but may be difficult to clean off [3]. Fouling of the distribution
device, however, causes severe problems like fouling of the infuser wall and an
increase of the residence time as a result of diverging jets. In Table 6.4 the degree,
the location and the composition of fouling in the infuser are summarized. In
general the cone of the infuser was slightly fouled and the remaining surface was
visually clean. Only at high temperatures, from 130 to 160 °C, the cone of the
infuser was substantial fouled, and at temperatures up to 170 °C the deposit had
brown color.

Table 6.4 Formation of deposit in the infuser

Temp. Cooling Re , Degree of foulingb Composition of
range? of ' deposits
(w] infuser (cone of infusen
cone
Distribution  Cohe of mass ratio molar
device infuser of ratio of
proteinto CatoP
CazPO,),
100 - 140 no €3 800/9 500 PR na® nd
100 - 140 no 15 800 - nd nd
80 - 140 no 7 000 ++ + nd nd
120 yes 15 700 - + 35 1.47
130 yes 15 700 - + 4+ + 141 1.49
100 yes 6 400 - + 1.4 1.58
120 no 8 900 - + 1.4 1.65
130-170 no 16 900 - +++++ 6.5 1.47
130 - 170 ves 33 900 - ++++++ nd

3 Global temperature range during a series of experiments
Degree of fouling is equivalent to the number of +

€ Number of jets changed during one sequence

9 nd = not determined
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To minimize the contact area between heated milk and the infuser wall, all the
jets should be directed to the centre of the cone. The formation of deposits on the
distribution device turned out to be prevented by an initial jet Reynolds number
over 10:000. Cooling of the cone of the infuser vessel seemed to have no effect on
the extent of deposits. Since fouling already started at a temperature of 70 °C as a
result of the denaturation of B-lactoglobulin (see Chapter 3), cooling would only
have an effect when the wall surface could be cooled down to at least below 80 °C,
which could not be realized in practice. Fouling might be reduced by giving the
milk an extra pre-treatment (e.g. 30 s/85 °C) but that would increase denaturation.

The deposits consist of proteins and calcium phosphate as indicated by the
molar ratio of Ca and P [14]. At high degrees of fouling of the infuser, the mass
ratio of protein and calcium phosphate was high. Apparently protein plays a
prominent role in deposit formation, even at high temperatures, because the high
heating rate (i.e. short residence time) in the infuser would result in a lower
concentration of aggregated and a higher concentration of unfolded B-lactoglobulin
in the milk when it contacts the wall of the cone (see Chapter 2). So proteins would
still make a substantial contribution to fouling, because of the active role of
unfolded B-lactoglobulin in the fouling process (see Chapter 3).

6.4.4 Energy utilization and predesign

To save energy, thermal efficiency in the infuser must be high, i.e. the final
temperature difference between steam and milk must be small. Figure 6.8 shows
that considerable energy is saved by regenerative use of energy by coupling infusers
in series. The effect of a high thermal efficiency on the specific steam consumption
of two infusers in series is also demonstrated. An increase of the thermal efficiency
from 0.90 to 0.99 results in an additional decrease of the energy costs by 8§ %.
The heat and mass transfer model allows prediction of the effect of infuser
geometry on thermal efficiency. A result of model simulations based on the heat
and mass transfer model described is given in Figure 6.9. In general, the thermal
efficiency decreases strongly with the number of jets and increases with infuser
height. Decreasing the number of jets at a given diameter and flow has two import-
ant consequences: firstly it increases the jet velocity and thus the Reynolds number
of the bundle of jets; and secondly it decreases the residence time of milk in the
infuser. The first will decrease the resistance to mass transfer (see equation (6.19))
and will affect the efficiency positively. A decrease in residence time, however,



CHAPTER 6 127

= 016F )

'E single infuser.

o k

=

2 014t

‘c’ 60°C

.2

2 o012}

g vapour

2

8 0_10 . steam

&

o two infusers in series

171 008 140°C

o 0,08

s

£ J

(4]

Q

m 0’06 2 1 i 1 " 1 P L i
0,5 0,6 07 0,8 0,9 1,0

Thermal efficiency per infuser ()

Figure 6.8 Calculated effect of thermal efficiency of a single infuser and two infusers in series
on specific steam consumption

1,00
095}
R
0,90 -
—o—H=20m g=2 mm;--a-- ¢=3 mm; 8-~ d=4 mm
—o—H=25m g=2mm;--0-- g=3mm;-0-- d=4 mm
—A— H=3.0m g=2 mm; --&-- q=3 mm; -4 d=4 mm
: 1 1 N 1 1 1
Y 20 40 60 80 100

Number of jets
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decreases efficiency, as happened with relatively small infuser height and large jet
diameters. It should be noticed that a better position of the deaeration device in the
infuser (e.g. within the bundle of jets) may result in a substantial reduction of air
accumulation between the jets. Consequently the relation between the accumulated
air fraction and the number of jets will then change too.

6.5 Conclusions

A general heat and mass transfer model for heating of milk jets by steam infusion
has been developed which showed reasonable agreement with the experiments. As
a result of jet turbulence high heating rates can be realized. With the infuser it was
possible to increase and decrease successively the temperature of the milk by more
than 90 K within one second. Air accumulation within the bundle of jets turns out
to be related to the number of jets and has a negative effect on the heating rate. The
resistance to mass transfer of the bundle of jets could be described by a Sherwood
correlation.

Denaturation measurements of whey proteins indicate that the heat treatment of the
presented infuser is more gentle and gives less damage to the product than a steam
injection plant. Fouling of the distribution device can be avoided if the initial
Reynolds number of the milk jets is over 10 000.

Notation

A Heat transfer area (m?)

C Concentration (kgm™)

G, Heat capacity at constant pressure (J-kg™K™})

d; Diameter of jet (m)

Dpp Molecular diffusivity (m?s)

Fo Fourier number: 4\ ¢/ (PLCp,Lde)

g Acceleration due to gravity (m-s”

b, Enthalpy of vaporization (J'kg)

H Infuser height (m)

J Mass flux (kg:m?2s1)

ky, k: Mass transfer coefficient of the bundle of jets and the jet interface,
resp. (m's’))

M Molecular mass (kg-mol™)
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n; Number of jets

Nu Nusselt number

2 Partial and total pressure, resp. (N-m?)

Pr Prandtl number: Cpn/ A

9s G: Sensible heat flux, total heat flux (J-s-m2)

Ry Coefficient of multiple determination; correlation coefficient for

multiple regression

Gas constant: 8.314 (J-’kg'l-K'})

Reynolds number: p,v1 di/1, (gas phase), ppvpdi/ny. (milk)
Schmidt number: n/pDpp

Sherwood number: kid:/Dpy (milk jet)

Time (s)

Temperature (K)

Velocity (ms'?)

Volume (m?)

Coordinate (m)

R EIC IS ¥ s

Molar fraction

3
<

Coordinate (m)

Heat transfer coefficient (J-s-m2-K})

Film thickness (m)

Dynamic viscosity (kg-m1-s'1)

Thermal efficiency: (77-T1 o)/ (771 )

Thermal conductivity (J-s-m™1-K1)

Density (kg'm™)

Flow (m3-s1)

Avomic diffusion volume: 20.1 and 12.7, air and H,O respectively

C BV L= >R N

Subscripts, indices

hold holding (time) at constant temperature
H,O water vapour

inf infuser

j jet

L liquid (milk)

out out of infuser(s)

outer outer ring of the bundle of jets

N steam
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z boundary layer (average quantity)

8 jet interface

0 initial condition, bulk within the bundle of jets

1 bulk outside the bundle of jets
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Appendix 6.I: Calculation of the air fraction within the bundle of
jets

The total heat pick-up in the infuser can be derived from equation (6.8).
Rearranging this equation and assuming that ¢ and C, are constant gives:

4
TL,o t -
T Col 6AD
Lout J; C 6A.1
J ali 20 20 (To - Tp) + hyJy,o| dt
. 2
0 ] 1 - CXp(—]HZO Cp,Hzo/Ot)

where Ty is the steam temperature and t,, is the residence time in the infuser.

Boundary conditions:
att =0 _>TL=TL,O
ar =ty TL = TL,out

Equation (6A.1) can be solved by numerical integration, dividing the jet into a ny
segments with a residence time of Az. The temperature change of one segment is

given by:
ATy = .
(pcp)LdJ!k_l
(6A.2)
Jn,0x-1CH,0
- - (To = TLx-1 * buJg,0k-1] At
1 - exp(-/1,0,k-1Cp 1,0/ -1
and
Tk = Tok-1+ ATk (6A.3)

Taking into account that due to steam condensation the flow increases, the local jet
diameter d; 1 follows from:

dy s - Pk |2 (6A4)
ZW(WL,O + 8li1)

=
W
1
—
—
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The local steam flux JH,0 k1 10 the jet interface is given by equation (6.3):

1 - yH,06k-1
J,0k-1 = Ck-1Fjk-11n [——1—_—2——- (6A.5)
YH,0,0
with
Cpy = L2kt (6A.6)

R Tz,k—l

where p, 1y and T, 4 are respectively the local average pressure and temperature
of the boundary layer.

Under saturated conditions, the local molar fraction of steam at the jet interface
YH,O,5k-1 15 related to the local interface temperature Ty 4 (= Tp k.q):

PH,0,6 k-1 (6A.7)

YH,0,6,k-1 =
2 2

where py,0,5 k-1 18 In equilibrium with 7 4, according to the steam table.
The local heat transfer coefficient oy and local mass transfer coefficient kj,k-l can
be obtained from equation (6.11) to (6.13).

The only unknown quantity is the molar fraction of steam within the bundle
of jets, y,0,0 which is assumed to be the same for each segment. Since the total
temperature change was measured during the experiments, y,0,0 can be calculated
by an iteration procedure: searching of the value of YH,0,0 &t which the calculated
temperature change is in agreement with the measured one.

Finally the air fraction within the bundle of jets can be calculated by:

Yairg = 1 = YH,0,0 (6A.8)




133

Chapter 7

Industrial applications




134 INDUSTRIAL APPLICATIONS

Abstract

As a follow-up of the development of mathematical models and optimization procedures
for heat-induced product transformations and fouling of equipment, some case-studies
have been done, focused on the Netherlands dairy industry. These studies showed that a
reactor engineering approach to heat treatment of milk and milk products offers a
powerful tool for velating process conditions to product quality and production costs. The
integration of this knowledge in computer software such as HeatCARD has increased the
accessibility of this approach and therefore encourages its industrial implementation.

For example, in the case of the pasteurization of cheese milk it is possible to reduce
the annual production costs of cheese in the Netherlands by 12 Mfl. Besides, the approach
demonstrated may be used for future process certification by a better and more direct
control of the destruction of bacteria. The fouling model can be used for extension of the
operating time of beat treatment equipment and for the examination of innovative beat
exchangers. Even for other products than milk the fouling model may give appropriate
results. For example, in the case of heating whey-protein-concentrate the parameters of
the fouling model can be adjusted by only a limited number of experiments.
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7.1 Introduction

The proposed methodology for optimization of the heat treatment, described in the
previous chapters, may result in considerable benefits for the dairy industry. From
a related study by the Netherlands Agency for Energy and the Environment
(NOVEM) and the Netherlands Institute for Dairy Research (NIZO) it was
calculated that the total potential of cost-savings for the Netherlands dairy industry,
as a result of minimizing the fouling of heat treatment equipment, amounts up to
5.2 MAl. per year [1]. About 75 % of the total benefits are in the form of energy-
savings (1.5-107 normal m> natural gas per year). Besides, it was recognized that
implementation of versatile and user-friendly computer programs such as
HeatCARD encourages the industry in achieving better control of functional
properties of the product and in screening of potential microbiological problems.

The major problem of a reaction engineering approach to the heat treatment of
dairy products is the lack of kinetic data. The majority of the data have been
determined with whole milk or skim milk. However, these are not the only
products which are heat treated. Industrial problems particularly occur with more
complex and new products such as evaporated milk (coffee creamer), whey protein
concentrates, cream, desserts, etc. The determination of the kinetic parameters such
as activation energies, pre-exponential factors and reaction orders on a laboratory
scale is time-consuming and expensive. Moreover, application of kinetics determined
in small test-tubes does not necessarily give the expected results on an industrial
scale [2]. So, a more practical and effective method would be a determination
method based on samples taken from a selected number of points along the flow
length of the industrial process.

Figure 7.1 gives an example of the proposed determination method. The figure
represents an arbitrary heat treatment consisting of three sections: a heater, a holder
tube and a cooler. Since the heat treatment equipment in the dairy industry is
designed for plug flow it is a valid assumption to ignore the residence time
distribution in most cases. The temperature profile is shown in Figure 7.1a. At four
points samples are taken and analyzed for the conversion of a certain milk
component Z, in this example the activity of an enzyme. The activation energy (E,),
the pre-exponential factor (ko) and the reaction order () can be obtained by fitting
these data with the reaction rate equation and the Arrhenius relationship by non-
linear regression:
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Figure 7.1 Demonstration of the proposed determination method for kinetic data of heat-
induced product transformations
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rz(x) = k() (Cz ()" 7.1
k(x) = kyex 7.2)
) 0 €Xp T(x ]

where
x = f(r) 7.3)

In principle this approach is similar to the optimization method described in
Chapter 5. In that case the process conditions instead of the kinetic constants were
the parameters which had to be optimized.

The final result of the determination method is illustrated in Figure 7.1b. After
six iterations the best values of E, and kg are determined. In this special case of
enzyme inactivation the reaction order is assumed to be 1 (see Table 1.2). For other
reactions such as the denaturation of proteins, the reaction order might be also a
variable. Summarizing, the advantages of the proposed on-line determination of
kinetic data are (i) the relatively few number of necessary analyses; often good
results can be obtained from old analyses and (ii) the kinetic data are based on a
practical situation.

As a follow-up of the development of mathematical models and optimization
procedures for heat-induced product transformations and fouling of equipment,
some case-studies have been done, focused on the dairy industry in the Netherlands.
In this chapter the results of some industrial applications are reported.

7.2 Case-studies
7.2.1 Quality control of cheese milk

Problem definition

In the Netherlands yearly about 5.8-10” kg of milk (1993) is used for cheese-making.
An important unit-operation in cheese-making is the pasteurization of the cheese
milk, generally operated at a temperature of about 72 °C during 15 seconds [3].
Figure 7.2 shows an example of a pasteurization plant. For reasons of efficiency,
raw milk may be mixed with milk powder or whey cream which are by-products
of cheese manufacture. In general the amount of additives is depending on the
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Figure 7.2 Example of a pasteurization plant for cheese milk (RV = sample point for deter-
mination of the RV-value)

season. The plate heat exchanger consists of two sections: a regenerative section for
heat recovery and a pasteurizer. After cooling of the milk in the regenerative
section the milk is stored in the cheese vat where the coagulant is added and the
curd is formed.

The main objective of the heat treatment is to destroy the pathogenic bacteria
and to denature a part of the proteins in the serum of the milk, the so-called whey
proteins. This denaturation of whey proteins increases the yield of cheese, since the
denatured whey proteins form a complex with the caseins and are thus incorporated
into the curd instead of staying in solution in the whey [4]. However, denatured
whey proteins may decrease the quality of cheese, resulting in typical flavour and
texture defects. For that purpose the Netherlands central dairy organization
(COKZ) has initiated legislation to control the amount of denatured whey proteins
in cheese milk [5]. They introduced the so-called RV-value which represents the
ratio between the non-denatured whey proteins immunoglobulin (Ig), bovine serum
albumin (BSA) and f-lactoglobulin (8-lg). The RV-value is defined as:
Cig * CBSA 1000, (74)

B-lg

RV =
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The concentration of non-denatured B-lg is assumed to be almost constant. To
control the effect of cheese milk pasteurization on the denaturation of whey
proteins, the RV.values before and after the heat treatment are compared (see
Figure 7.2). The ratio of these RV-values is called the "residual value" and is defined
as:

Yies = R Vafer . 1009, 75
RVpefore past.

Thus, a low value of Y, corresponds to a high degree of denaturation of the whey

proteins Ig and BSA. Depending on the season, the value of Y, has to be at least
78 or 80 %. Operating the pasteurization at lower values is discouraged by penalties.

An estimation of the standard deviation of the residual values in the Nether-
lands cheese industry is about 3.5 %. This means that to avoid penalties and offspec
products, the setpoint of the residual value has to be increased from, for example,
80 to 87 % (80 plus two times the standard deviation). However, as a consequence,
the yield of cheese decreases since less denatured whey protein is incorporated in
the cheese. For example, in the case of decreasing the standard deviation from 3.5
to 1.0 % by a better control of the the process operation, the production costs are
reduced by 12 Mfl. per year (see Appendix 7.I). Therefore the objective of the
industry is to minimize the standard deviation of Y.

Another source of problems might be that the configuration of the heat
treatment equipment is often changed. For example, to increase the heat recovery
of the pasteurization plant, the regenerative sections in the industry were extended
resulting in larger volumes of the heat exchanger. As a consequence in some cases
the standard for denaturation of whey proteins was exceeded.

Summarizing, to meet the requirements of the COKZ, the selection and control
of the process conditions play an essential role. Changes in equipment configu-
ration, in milk composition and the addition of other materials such as milk
powder require continuously adjusted process conditions.

Results

A useful method for better control of the residual value (Y, is to incorporate the
process of cheese milk pasteurization into the HeatCARD computer program (see
Chapter 4). Simulations with HeatCARD may help the process operator to select
the optimal process conditions, e.g. temperatures and flow, with respect to the
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desired conversions of the whey proteins and the bacteria. However, it turned out
that the available kinetic data for denaturation of whey proteins as given in Table
1.2 are not appropriate for those low operating temperatures (< 75 °C) and
relatively low denaturation rates. Besides, the determination method of COKZ may
be different from the method used by the authors reporting the data of Table 1.2.

In order to "adjust” HeatCARD to the results of the analyses of COKZ, new
kinetic data were determined with the method described in section 7.1. Samples
were taken from cheese milk pasteurized at NIZO at temperatures between 67 and
82 °C. The samples were analyzed by COKZ. Figure 7.3 shows a comparison
between the measured and calculated denaturation of whey proteins and the related
Y,es It is obvious that the kinetic data available in the literature [6, 7, 8] cannot be
used for modelling the cheese milk pasteurization. Much better results were
obtained with the new kinetic data based on measurements of COKZ. The
determined kinetic data are given in Table 7.1.

An example of applying HeatCARD in a Process Management System (PMS)
for pasteurization of cheese milk is shown in Figure 7.4. The milk is standardized
on the fat and protein content and treated in a pasteurization plant as shown in
Figure 7.2. During the heat treatment the cheese vat is filled. When the cheese vat
is completely filled the coagulant is added for curdling of the milk. The most
important process variables of the cheese milk pasteurization are Y. and the
activity of the enzyme phosphatase which is a measure of the activity of pathogenic
bacteria [9]. Before the milk is pasteurized the enzyme phosphatase has a certain
activity (+) and the RV-value follows from the milk composition. With the actual
process conditions and the on-line determined kinetic data, the computer can
predict Y, and the phosphatase activity and optimize the process conditions. With
this information the process operator is able to take the right measures when the
process circumstances change. For example, when a change in the flow or milk

Table 7.1 Kinetic constants of the denaturation based on samples taken from cheese milk
pasteurized at different temperatures (67 - 82 °C) analyzed by COKZ

2

Protein T n E, In Ky No. of Ry
(°Q (kJ/mol points
[¢] 67-78 1 275.8 90.63 6 0.995
78-82 101.6 30.94
BSA 67-82 1 79.9 23.22 6 0.997

B-lg 67-82 1.5 149.5 45.51 6 0.997
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Figure 7.3 Comparison between measured and calculated denaturation of whey proteins
according to kinetic data in the literature and obtained by on-line determination
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Figure 7.4 Process management system (PMS) for the pasteurization of cheese milk

composition occurs, the computer can indicate how the pasteurization temperature
setpoint has to be changed so as not to endanger the phosphatase inactivation (-)
while maintaining the desired level of Y, in the cheese vat.

In principle, when the computer is integrated in the process control system it
is even possible to control the process on product quality directly instead of
temperature or flow. The setpoints such as the pasteurization temperature are then
controlled by a computer which continuously estimates one or more functional
properties like Y, and phosphatase activity based on the actual process conditions.
The dairy industry already has good experience with this so-called model-based
process control for the manufacture of milk powder [10, 11].

The latest developments in legislation show that the dairy industry will be
encouraged to minimize the fluctuations of the residual values. It is proposed to
relate the minimum of the residual value at which a factory is allowed to operate,
to the standard deviation of the residual values measured by COKZ: the lower the
standard deviation, the lower the minimum residual value and thus, the higher the

cheese yield.
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7.2.2 Operating time extension in the case of highly depositing products

Problem definition

In the dairy industry not only the heat treatment of milk causes fouling problems.
A number of important products such as whey protein concentrates and milk
containing starches result in substantially different and mostly higher fouling rates
under comparable process conditions. Figure 7.5a-b shows some photographs of
deposited material found in heat treatment equipment after an operating time of
about two hours. The main problem in reduction of fouling by mathematical
optimization of the process is the lack of kinetic data for both the denaturation of
B-lactoglobulin and deposit formation. In Chapter 3 a fouling model has been
developed which predicts the deposit distribution in the equipment in the case of
skim milk and whole milk. However, it is known that for milk products the kinetic
constants are relatively strongly dependent on the composition, pH, ionic strength,
etc. [9, 12]. Particularly the heat-induced denaturation behaviour of milk proteins
is different in every product. The major reason is that the exact mechanism of the
denaturation is unknown and the number of reaction steps involved is probably
much higher than one.

Figure 7.5a Protein-"tie", formed between two plates of a plate heat exchanger after 2 h
heating of whey-protein-concentrate
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‘Figure 7.5b Aggregates of spherical deposits found in a tubular holding section (T = 80 °C)
after 2 h heating of whey-protein-concentrate

Results

From research in the dairy industry it was learned that in the case of milk-based
products and temperatures lower than 115 °C (protein fouling) the determined
kinetic constants of the adsorption reaction of milk components are still valid. The
reaction rate of the adsorption is described by:

Rlé/ Y Cﬁjz (7.6)

where the activation energy and the In kg of the reaction rate constant are equal to
45.1 kJ/mol and -0.82, respectively (see also Chapter 3). The concentration of
unfolded B-lactoglobulin (Cyy) follows from the two-stage reaction model for the
denaturation of B-lactoglobulin (3-lg) as described in Chapter 2:

—}'N = kU CN (77)
Al kU CN - /eA Cé (78)
2 7.9

ra = kA Gy
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Table 7.2 Comparison between kinetics of skim milk and whey protein concentrate (Cﬁ~lg=
20 g/ly; 70<T<90 °C

Skim milk Whey protein concentrate
Reaction n

E, in k, E, Ink,

(kJ/mol) (kKJ/mob
unfolding 1 2614 86.41 3246 118.00
Aggregation 2 288.5 91.32 330 104.95

a According to De Wit [8], determined for whey protein concentrate

For example, in the case of heating whey protein concentrate with about 20 g/1 of
B-lg (in milk 3.2 g/I) in a heat exchanger similar to that of Figure 7.2, the measured
fouling distributions and degrees of denaturation of the product could be quantified
properly by changing the pre-exponential factor of the unfolding of 8-lg and the
pre-exponential factor and activation energy of the aggregation of B-lg. The values
of the changed parameters are given in Table 7.2. The kinetic parameters were
determined by the method described in section 7.1 and integrated in the computer
program HeatCARD (see Chapter 4). It should be noted that, according to equation
(7.6), in the given example due to the high concentration of 8-lg in the whey

1001
X
3 80
£
3
b
o 607 O T =78°C
g (e] Tpas!. =82°C
o A T_, =88°C
T 40 past
o index: 100 = fouling rate
7 determined from the
g most fouled plate in the
= 204 a plate heat exchanger
at a pasteurization
temperature of 82 °C
0 M T r T T T U T T
0 20 40 60 80 100

Calculated fouling rate index

Figure 7.6 Comparison of the measured and calculated (HeatCARD) fouling rates with heating
of whey protein concentrate at three different pasteurization temperatures



146 INDUSTRIAL APPLICATIONS

protein concentrate, the mean fouling rate was approximately 9 ([20/ 3.2]1%) times
higher than in the case of milk. Figure 7.6 shows a comparison between the
measured and calculated fouling rate in the regenerative and pasteurization section
of the plate heat exchanger concerned, at three different pasteurization temperatures.
It is remarkable that the calculated fouling rates agree very well with the measured
ones.

To meet the required properties of the final product it was desired that a
certain amount of the proteins was denatured and all pathogenic bacteria were
destroyed. With the computer program HeatCARD it was possible to find the
optimal process conditions at which the fouling of the heat exchanger was
minimized, taking into account the desired denaturation of proteins and destruction
of bacteria. The residence time at the pasteurization temperature in the holder after
the pasteurization is determined by the desired properties of the product, i.e. the
lower the pasteurization temperature the larger the necessary volume of the holder
has to be to get the same conversion.

7.2.3 Examination of innovative heat exchangers

Problem definition
In the dairy industry there is a continuous need for innovative heat treatment
equipment for reasons of reduction of costs and the introduction of new products.
An example is the development of indirect heat exchangers with very high heat
transfer coefficients (up to 10 000 W/m?2K) obtained by a high mixing intensity of
the fluid. Figure 7.7 gives a schematic representation of their operation. This type
of heat exchanger may reach high heating rates (up to 50 K/s) and may be an
alternative to direct heating systems. The main advantage of indirect heat
exchangers is that no water, i.e. condensed steam, is added to the product, having
to be removed by expansion or evaporating afterwards. However, due to their small
cross-sections and high heat transfer coefficients, these advanced heat exchangers are
very sensitive to fouling of the heat transfer surface. A thin layer of deposits will
result in a relatively strong decrease of the heat transfer coefficient, resulting in
increasing temperature differences and, as a consequence, higher wall temperatures
and fouling rates, etc.

In Figure 7.8 an example is given of an industrial plant in which a direct heating
system is applied. Before the product is concentrated in a falling-film evaporator it
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is heated to inactivate the enzymes and bacteria. The objective of the case-study was
to replace the steam injector by an advanced indirect heat exchanger.

In order to avoid high costs for experimental work with new innovative heat
exchangers, it may be very useful to do a preliminary study with the Heat CARD
computer program, eventually completing the investigation with one or two
experiments. With HeatCARD it is possible to get a first estimation of the
maximum operating time of the new apparatus.

Results

In one experiment the steam injector was replaced by the advanced heat exchanger
and the milk was heated from 85 to 130 °C within 1.5 s. The initial steam
temperature was 190 °C and the overall heat transfer coefficient was 6450 W/m?K.
The performance of the heat exchanger was strongly related to the formation of
deposits. A mean deposit layer of 10 pm already decreased the heat transfer
coefficient by 10 %:

1 _1 % 1 107

LI - - U, - 5824 W/m’K 7.10
U, T, .. &0 06 ; o .19

Since the outlet temperature was controlled by the steam temperature, the process
was terminated when the maximum steam temperature (200 °C) was exceeded. In
the case of the experiment this maximum temperature was reached after 1 h of
operation. The heat transfer coefficient (U,) had decreased to 5650 W/ m?K. The
mean thickness of the deposit layer was calculated then as 13 pm.

steam

mik in C 4_) C»< mil out

Nickel elements

Figure 7.7 Schematic representation of an advanced heat exchanger with a high mixing
intensity of the fluid
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Figure 7.8 Example of an industrial evaporator plant with a direct heating system

The operating time can be increased in two ways: (i) by decreasing the mean
fouling rate by, for example, installation of a holder section upstream from the heat
exchanger in which the reactive and depositing, unfolded B-lg is transformed into
the inert aggregated state (see Chapter 3) or (ii) by decreasing the temperature
difference, resulting in a lower initial steam temperature, so that the maximum
temperature is reached at a higher thickness of the deposit layer. Assuming that the
thickness of the deposit layer is proportional to the operating time [13], the
maximum operating time can be estimated by the following equation:

Omax SRt 7.1)

t =
5
6rnax,ref ]F "

where 8, is the thickness of the deposit layer at which the maximum temperature
of the heating medium is reached at a constant product temperature and Jg is the
mean fouling rate of the heat exchanger calculated with Heat CARD. The subscript
"ref" indicates the calculated values with respect to the experiment with operating
time ¢, For the experiment the mean fouling rate was calculated as 8.2:107
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kg/m?s. When an extra holder operating at a temperature of 80 °C with a residence
time of 98 s is installed and the outlet temperature of the heat exchanger is
decreased from 130 to 110 °C, HeatCARD calculated that jp = 5.9:107 kg/m?s.
The initial steam temperature is decreased to 150 °C. Since the temperature
difference between steam and product is decreased, the minimum heat transfer
coefficient becomes:

(150-80) ~(150-110)

150-80
ATlo 0 ! ( - )
- 8.0 _ . 150-110 _ 2 712
U, UQ_ATlogt 6450 s aoo-tiy 01 W/m“K (7.12)
ln( 200—80)
200-110

With equation (7.10) the maximum thickness of the deposit layer (8,,,,) was
calculated as 88 um and thus the operating time was predicted as:

An=7
t = 88 .8.2 1O .1 h - 94 h (7.13)

13 59407

which means a ninefold increase of the operating time.

Summarizing, when an operating time of at least 8 h is required, the milk
should not be heated to temperatures above 110 °C. To heat the milk to 130 °C a
direct heating system, e.g. steam injection, has to be installed downstream of the
advanced heat exchanger. In comparison with direct heating from 85 to 130 °C by
steam injection alone, the proposed partial use of an advanced heat exchanger may
reduce the addition of water by more than 65 %. Whether the advanced heat
exchanger should be installed or not depends on the costs of investment and
installation. In the given situation the benefits were recognized by the company as
too small. However, in the case of a new plant the proposed application may be
much more attractive.

7.3 Conclusions

With the results of some industrial case-studies it is demonstrated that a reactor
engineering approach to heat treatment of milk and milk products offers a powerful
tool for adjusting process conditions to product quality and production costs. The
integration of this knowledge in computer software such as HeatCARD has
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increased the accessibility of this approach and therefore encourages its industrial
implementation.

For example, in the case of the pasteurization of cheese milk it is possible to
reduce the annual production costs of cheese in the Netherlands by 12 Mfl. Besides,
the approach demonstrated may be used for future process certification by a better
and more direct control of the destruction of bacteria. The fouling model can be
used for extension of the operating time of heat treatment equipment and for
examination of innovative heat exchangers. Even for other products than milk the
fouling model may give appropriate results. For example, in the case of heating
whey-protein-concentrate the parameters of the fouling model can adjusted by only
a limited number of experiments.

Notation

C Concentration (kg-m™)

E, Activation energy (J-moll)

JF Mean deposition rate (kg'm2s')

k Reaction rate constant (m>Dkg(1-0).s°1)

ko Preexponential (m3(”'1)-kg(l'n)-s'1)

k" Reaction rate constant of surface reactions (m!¢-kg02-s'1)
n Reaction order

r Reaction rate (kg-m™-s)

rz Reaction rate of component Z (kg:m3-s1)

R Gas constant, 8.314 (J-mol K1)

Ry Correlation coefficient for multiple regression

Rg” Production rate of adsorbed milk constituents (kg:m2-s)
RV Measure for the concentration of native protein (%)

t Time (s)

T Temperature (K)

U Overall heat transfer coefficient (W-m2K1)

X Flow length coordinate (m)

Ve Residual value, measure of protein denaturation (%)

) Thickness of deposit layer (m)
A Thermal conductivity (W-m1-K?)

Subscripts, indices and abbreviations
A Aggregation, aggregated (3-lg)
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%

F Adsorbed milk components

max Maximum

N Native (8-lg)

ref Reference

t Operating time, value at time t

U Unfolding, unfolded (8-lg)

0 Initial state
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Appendix 7.I: Estimation of the costs due to variation of the residual
value

Assumptions

1. Milk consists of 26.0 g/1 casein and 6.3 g/l whey protein [9].

2. Denatured whey protein has more or less the same effect on the yield of cheese
as casein [4].

3. About 5 % of the whey protein is denatured after a standard pasteurization
(Y,es = 80 %).

4. 100 kg milk gives 10.45 kg cheese [4].
5. 1 kg of cheese yields {l. 6.

Calculation

Milk used for cheese manufacture (1993): 5.8:10° kg per year.

The standard concentration of denatured whey protein is 0.05 x 6.3 = 0.31 g/1.
This gives an additional yield of 0.31/26.0 x 100 % = 1.2 %.

In f1.: 0.012 x 6 = 0.072 fl. per kg of cheese.

So a residual value of 100 %, i.e. no denaturation, would result in a loss of about 7
cents per kg of cheese.

Expressed in fl. per % of Y,.: 0.072/(100-80) =~ 0.004 fl. per % and kg of cheese.

In the case that the mean Y, is reduced from 80 + 2 x 3.5% = 87 % to 80 +
2 x 1.0 % = 82 % the loss of yield for the Dutch cheese industry amounts to:

Annual cheese production = 5.8:107 x 10.45/100 = 6.06:10% kg
Loss of yield = (87-82) x 0.004 x 6.06:108 = 12 Mfl. per year.
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Ssummary

Modelling and optimization of thermal processes
in the dairy industry

P. de Jong

In the dairy industry, physical, chemical and biochemical phenomena are the basis
for the strong relation between the product quality and the process operation and
design. This is particularly valid for heat treatment, where a number of heat-induced
transformations of milk components determine the functional properties of the final
product. Not only the product quality is affected by the heat-induced reactions, also
fouling of equipment by deposit formation on walls is governed by specific
reactions of milk components. These typical undesired reactions reduce the heat
transfer coefficient, increase the pressure drop over heat treatment equipment and
increase product losses, resulting in higher operating costs.

With respect to the design and operation of heat treatment equipment in the
dairy industry the following objectives were defined by the Netherlands Institute
for Dairy Research: (i) development of a methodology for optimization of heat
treatment equipment with respect to product quality and fouling of equipment
walls; (i1) introduction of the knowledge obtained into the dairy industry by the
development of versatile computer programs. This project had the financial support
of the Netherlands Agency for Energy and the Environment (NOVEM).

One of the most important heat-induced reactions is the denaturation of g-
lactoglobulin (8-lg). A quantitative model was developed which describes the
denaturation of 3-lg as two consecutive reactions: unfolding and aggregation. The
kinetic constants were obtained by a reinterpretation of experimental results in the
literature. The aggregation is described by a second order reaction with an
activation energy of 288.5+5.7 kJ/mol for temperatures below 90 °C and
54.7+0.5 kJ/mol for temperatures up to 150 °C. It turned out that the two-stage
model gives a good description of the reported experimental data. Results of fouling
experiments showed the importance of quantifying the concentration of unfolded
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-lg and supported the hypothesis that the local fouling rate in heat treatment
equipment is related to the local concentration of unfolded 8-lg.

The relationship between the denaturation of 8-lg and the deposition of milk
constituents in a heat exchanger was investigated. Experiments were carried out on
a plate heat exchanger with skim milk by applying different temperature-time
combinations in the temperature range from 45 to 122 °C. Based on the results of
the experiments, a fouling model for heat exchangers related to the denaturation
kinetics of the key component S-lg has been developed for surface temperatures of
equipment walls up to 115 °C. The main mechanism was controlled by the
adsorption rate of unfolded B-lg at an external heat transfer surface. This model gave
good agreement with the experimental data. By application of an interstage holding
section in the heating zone, the amount of deposits in the regenerative section could
be reduced substantially, by over 50 %. It was shown that the fouling model for
skim milk can also be used for predicting the deposit distribution in heat treatment
equipment due to fouling by whole milk, which supported the chemical and
physical basis of the model. In addition it was found that the absolute fouling level
is not only related to heat-induced protein transformations but also strongly
influenced by the age of milk.

To stimulate the industrial implementation of the models generated, a computer
program has been developed for the Netherlands dairy industry, called Heat CARD
(Heat exchanger Computer Aided Reactor Design). The program is capable of
evaluating the product transformations and the deposit distribution in the
equipment simultaneously, and of quantifying the interaction between them. The
core of the program is formed by the reaction models for the heat-induced product
transformations such as the denaturation of B-lg, and the fouling of equipment
walls. The availability of this program means that the use of simplifying kinetic
constants with an intrinsically small range of validity is no longer necessary. The
proposed computational approach may contribute to a better understanding, a more
functional design and an improved operation of heat treatment equipment in the
dairy industry.

In order to apply the models for process optimization, a comprehensive
optimization method has been developed based on minimizing an objective function
which comprises the costs of deviating from the ideal product quality and the
processing costs. The method was integrated in a computer program, called
HCOPT. The main advantages of the method are the incorporation of deposit
formation at heat transfer surfaces and the versatility of defining the process and
equipment design, supporting non-isothermal sections like heaters and coolers. The
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method also accounts for the relative importance of the individual heat-induced
product transformations determining the product characteristics. To illustrate the
potential of this approach a given industrial UHT (Ultra High Temperature) plant
was optimized. The optimization results demonsirated that with regard to
conventional industrial plants this approach may result in a substantial (more than
50 %) reduction of the operating costs, without concessions to the product quality.
In the plant described the milk should be heated to 145 °C with a heating rate of
4 K/s and minimum holding time at this temperature. An additional holder should
be applied in the heating trajectory at an operating temperature of 90.5 °C and a
residence time of about 15 minutes.

The performance of a direct heating system was investigated with a commercial
infuser in which jets of milk were heated. A mathematical model was developed to
describe the heat and mass transfer from steam to milk in the presence of air. The
model showed reasonable agreement with the experimental results and was used for
quantitative interpretation of the experimental results. With the infuser it was
possible to increase and decrease successively the temperature of the milk by more
than 90 K within one second. Air accumulation within the bundle of jets turned out
to be related to the number of jets and had a negative effect on the heating rate.
Comparing the denaturation measurements of whey proteins with recent results of
other authors indicated that the heat treatment of the infuser investigated is more
gentle and gives less damage to the product than a steam injection plant. Fouling of
the distribution device could be avoided if the initial Reynolds number of the milk
jets was over 10 000.

As a follow-up of the development of mathematical models and optimization
procedures for heat-induced product transformations and fouling of equipment,
some case-studies have been done, focused on the Netherlands dairy industry. These
studies showed that a reactor engineering approach to heat treatment of milk and
milk products offers a powerful tool for relating process conditions to product
quality and production costs. The integration of this knowledge in computer
software such as Heat CARD has increased the accessibility of this approach and
therefore encourages its industrial implementation. For example, in the case of the
pasteurization of cheese milk it is possible to reduce the annual production costs of
cheese in the Netherlands by 12 Mfl. Besides, the approach demonstrated may be
used for future process certification by a better and more direct control of the
destruction of bacteria. The fouling model can be used for extension of the
operating time of heat treatment equipment and for the examination of innovative
heat exchangers. Even for other products than milk the fouling model may give
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appropriate results. For example, in the case of heating whey-protein-concentrate
the parameters of the fouling model could be adjusted by only a limited number of

experiments.
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samenvatting

Het modelleren en optimaliseren van
warmtebehandelingsprocessen in de zuivelindustrie

P. de Jong

In de zuivelindustrie bestaat een sterke relatie tussen de fysische, de chemische en de
biochemische verschijnselen enerzijds en de produktkwaliteit en procesvoering
anderzijds. Dit geldt met name voor de warmtebehandeling waar een groot aantal
transformaties van melkcomponenten de functionele eigenschappen van het
eindprodukt bepalen. Niet alleen de produktkwaliteit maar ook de vervuiling van
warmtebehandelingsapparatuur wordt beheerst door specifieke reacties in melk-
produkten. Door een verminderde warmteoverdracht, een toename in de drukval en
de produktverliezen resulteert deze vervuiling in verhoogde produktiekosten.

In het kader van het terugdringen van de vervuiling en het beheersen van de
produktkwaliteit zijn door het Nederlands Instituut voor Zuivelonderzoek (NIZO)
de volgende doelstellingen geformuleerd: (i) de ontwikkeling van een methode
waarmee de warmtebehandeling kan worden geoptimaliseerd met betrekking tot
produktkwaliteit én produktiekosten; (ii) implementatie van deze kennis in de
zuivelindustrie middels computerprogramma’s. Voor het onderzoek is een financiéle
bijdrage ontvangen van de Nederlandse Ontwikkelingsmaatschappij voor Energie en
Milieu (NOVEM).

Eén van de belangrijkste reacties die tijdens de warmtebehandeling van melk
optreden, is de denaturatie van het eiwit B-lactoglobuline (8-lg). Een kwantitatief
model is ontwikkeld dat de denaturatie van B-lg beschrijft met twee volgreacties:
ontvouwing en aggregatie. De kinetische constanten als activeringsenergie, pre-
exponentiéle factor en reactieorde zijn bepaald door een herinterpretatie van de
experimentele resultaten. De aggregatie van ontvouwen B-lg met andere melk-
bestanddelen is beschreven met een tweede-orde reactie met een activeringsenergie
van 288.5+5.7 k]/mol bij temperaturen lager dan 90 °C en 54.7+0.5 k]/mol bij
temperaturen hoger dan 90 °C. Het is gebleken dat de experimentele resultaten met
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dit model nauwkeurig kunnen worden gereproduceerd. Daarnaast bleek uit experi-
menten gericht op de vervuiling van de warmtebehandelingsapparatuur dat er een
verband bestaat tussen de lokale concentratie aan ontvouwen B-lg en de lokale
adsorptiesnelheid van melkcomponenten.

Met het doel de relatie tussen de denaturatie van $-lg en de vervuiling van
apparatuur te kwantificeren, zijn experimenten uitgevoerd met een platenwarmte-
wisselaar waarin magere melk werd verhit binnen een temperatuurbereik van 45 tot
122 °C. Met de experimentele resultaten is een vervuilingsmodel ontwikkeld,
gerelateerd aan het denaturatiemodel voor $-lg en geldig voor wandtemperaturen tot
115 °C. De lokale vervuilingssnelheid bleek bepaald te worden door de adsorptie-
snelheid van ontvouwen B-lg aan het wandoppervlak. Zoals op basis van het
vervuilingsmodel kon worden verwacht, verminderde door de toepassing van een
extra warmhouder in het verwarmingstraject van de warmtewisselaar, de vervuiling
van het regeneratief met meer dan 50 %. Het is aangetoond dat het vervuilings-
model ook kan worden gebruikt voor het voorspellen van de vuilverdeling in
warmtewisselaars bij de warmtebehandeling van volle melk. Het absolute niveau van
de vervuilingssnelheid werd beheerst door de ouderdom van de melk.

Met het doel de gegenereerde modellen te implementeren in de Nederlandse
zuivelindustrie is het computerprogramma HeatCARD (Heat exchanger Computer
Aided Reactor Design) ontwikkeld. Met dit programma is het mogelijk de vuil-
verdeling, de produkttransformaties en de interactie tussen die beiden te evalueren.
De kern van het programma wordt gevormd door het vervuilingsmodel en de
reactiemodellen voor de transformaties van melkcomponenten als micro-
organismen, enzymen en eiwitten. De beschikbaarheid van Heat CARD betekent dat
het gebruik van grootheden met een relatief beperkte geldigheid voor het vaststellen
van de warmtebelasting van het produkt niet langer noodzakelijk is. De conversies
van belangrijke melkcomponenten in warmtebehandelingsapparatuur kunnen nu
eenvoudig afzonderlijk worden gekwantificeerd.

Naast het simulatieprogramma HeatCARD is een optimalisatiemethode
ontwikkeld waarbij een doelfunctie, samengesteld uit de produktiekosten en de
kosten ten gevolge van een afwijking in de gewenste produktkwaliteit, wordt
geminimaliseerd. De methode is geintegreerd in een computerprogramma met de
naam HCOPT (HeatCard OPTimization). De belangrijkste voordelen ten opzichte
van andere beschreven optimalisatiemethoden zijn dat (i) een aaneenschakeling van
warmtebehandelingen, inclusief verhitters en koelers, in de optimalisatie kan worden
betrokken en (ii) het effect van de vervuiling is gekwantificeerd. Voor de afweging

tussen de mate van vervuiling en de gewenste transformaties zijn gewichtsfactoren
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toegepast. Ter illustratie is een gegeven UHT (Ultra Hoge Temperatuur) installatie
geoptimaliseerd. Uit de resultaten bleek dat de toepassing van de beschreven
optimalisatiemethode kan resulteren in een halvering van de produktiekosten,
zonder concessies te doen aan de gewenste produktkwaliteit. In de beschreven
installatie is de optimale UHT-temperatuur 145 °C met een verhittingssnelheid van
4 K/s en minimale verblijftijd op deze temperatuur. Om de vervuiling in de
warmtewisselaars te verminderen moet in het verhittingsgedeelte een extra
warmhouder worden geinstalleerd op een temperatuur van 90.5 °C en met een
verblijftijd van circa 15 minuten.

De werking van een direct verhittingssysteem is onderzocht met een industriéle
stoom infusor waarbij straaltjes melk worden verhit in een stoomruimte. Voor de
beschrijving van het massa- en warmtetransport in de aanwezigheid van lucht is een
mathematisch model ontwikkeld. Met het model konden de experimentele
resultaten redelijk tot goed worden gereproduceerd. Met de infusor bleek het
mogelijk om de melk binnen een seconde 90 K op te warmen en weer terug te
koelen tot de begintemperatuur. De luchtophoping in de stralenbundel was
gerelateerd aan het aantal straaltjes en verminderde de thermische efficiency. Een
vergelijking tussen eigen denaturatiemetingen en metingen beschreven in de
literatuur gaf aan dat verhitting middels stoominjectie meer beschadiging aan het
produkt veroorzaakt dan stoominfusie. Vervuiling van de vloeistofverdeelkop kon
worden voorkomen door een hoge intreesnelheid van de melk (Reynolds >
10 000).

Als een vervolg op de ontwikkeling van de mathematische modellen en de
optimalisatieprocedures zijn een aantal case-studies uitgevoerd, gericht op de
Nederlandse zuivelindustrie. De resultaten tonen aan dat een reactorkundige
beschrijving van de warmtebehandeling van melk en melkprodukten een goede
methode is voor het relateren van de procesvoering aan de produktkwaliteit en de
produktiekosten. Het beschikbaar stellen van computer software als Heat CARD
bevordert de acceptatie en de toepassing van deze aanpak in de industrie. Bijvoor-
beeld bij de pasteurisatie van melk voor de kaasbereiding blijkt een jaarlijkse
besparing van 12 miljoen gulden mogelijk. Daarnaast kan Heat CARD een aandeel
leveren in procescertificering door een meer directe controle van de gewenste
bacteriéle afdoding. Het vervuilingsmodel kan worden gebruikt voor het bereiken
van langere produktietijden, zelfs bij het verhitten van andere produkten dan melk
zoals wei-eiwitconcentraat.




162

Acknowledgements

This thesis would not have been accomplished without the work and help of many
people, whom I would like to acknowledge here. First I am indebted to prof.ir.
C.M. van den Bleek and prof.dr.ir. J. de Graauw who guided and supported me in
a very constructive and pleasant way.

The work has been carried out at the department of Process Engineering of the
Netherlands Institute for Dairy Research (NIZO). In particular, I want to thank the
head of this department dr.ir. Joost van der Linden who created the opportunity for
my Ph.D. study and supported me in every way at all times. His criticism and
participation have been of great value to me.

Many thanks also to ir. Sander Bouman and René Waalewijn as the main co-
workers of the research project for their advices and help in setting-up the
experimental arrangements.

I am grateful to Peter ’Amie who made the user interfaces of the computer
programs HeatCARD and HCOPT, and to ir. Henri Vogelsang who programmed
the determination method for kinetic data. Also thanks to ir. Arno Hakket from
the Technical University Delft for his clear introduction to SimuSolv®.

Dr.ir. Jaap de Wit and my colleagues dr.ir. Bas Roefs, ir. Theo Jeurnink, ir. Leo
Langeveld, dr.ir. Rob Elgersma and ir. Han Straatsma are thanked for all the fruitful
discussions. The personnel of the NIZO experimental hall are acknowledged for
their help during the many experiments. Furthermore, I want to thank the co-
workers of the service departments: Egbert Otter for scanning the literature, Joop
Mondria and Henk van Brakel for the excellent photographs and drs. Jacques
Maessen for his valuable advice concerning the lay-out and print of this thesis.

The research that is described in this thesis has been carried out mainly within
the framework of NOVEM (Netherlands Agency for Energy and the Environment)
on energy savings. Relevant contributions and advice were received from the
members of the NOVEM-commission: ir. W.F. de Vries, ir. R.C.J. Ongenae, dr.ir.
G.H.W. Willems, dr.ir. T.H.M. Snoeren, ir. B. van Leverink, ir. B.P. Eversdijk and
dr.ir. AK. Muntjewerf. Finally I would like to thank Den Hollander Engineering
(Gorinchem) for lending the infuser vessel.



163

List of publications

P. de Jong, S. Bouman & H.J.LJ. van der Linden. Fouling of heat treatment
equipment in relation to the denaturation of 8-lactoglobulin. /. Soc. Dairy Technol.
45 (1992) 3-8.

P. de Jong & H.J.L.J. van der Linden. Design and operation of reactors in the dairy
industry. Chem. Eng. Sci. 47 (1992) 3761-3768.

P. de Jong, R. Waalewijn & H.J.LJ. van der Linden. Validity of a kinetic fouling
model for heat treatment of whole milk. Le Lait 73 (1993) 293-302.

P. de Jong & H.J.L.J]. van der Linden. Process design based on heat-induced
transformations of milk components. In: Proc. of the IDF-Seminar Protein- and Fat
globule Modifications by Heat Treatment, Homogenization and other Technological
Means for High Quality Dairy Products (ed. H.G. Kessler), IDF Special Issue 9303,
Brussels (1993) 277-284.

P. de Jong, R. Waalewijn & H.J.L.] van der Linden. Performance of a steam
infusion plant for heating milk. Neth. Milk Dairy J. 48 (1994) 177-195.

P. de Jong. Performance of a direct heating system with steam infusion. In: Proc. of
the Symposium on Heat Treatment and Alternative Methods, IDF Special Issue,
Brussels (1996) Submitted.

P. de Jong, P.F.J. 'Amie & H.J.L.J. van der Linden. Mathematical optimization of
heat treatment equipment with respect to fouling and product quality. In: Proc. of

the Conference on Fouling and Cleaning in Food Processing (ed. P.J. Fryer), Jesus
College, Cambridge (1996) In press.

P. de Jong. Reactorkundig ontwerp van warmtebehandelingsapparatuur. In:
Procesmodellen: nieuwe mogelijkheden voor de zuivelindustrie. NIZO Mededeling
M22 (1990) 14-21.



164 LIST OF PUBLICATIONS

P. de Jong. Modellering van warmtebehandelingsprocessen in de zuivelindustrie.
Voedingsmiddelentechnologie 26 (1993) 9-12.

P. de Jong. Optimaliseren van verhittingsprocessen in de zuivelindustrie.
Procestechnologie 3 (1993) 29-32.

P. de Jong. Heat treatment from a chemical reactor engineering point of view.
NIZO annual report 1993 (1994) 15-19.

P. de Jong. Modelleren van warmtegeinduceerde transformaties van melk-
componenten. In: Modelleren en modelsystemen, KNCV Symposia-reeks 10, (1994)
3342,

P. de Jong. Process optimization with respect to product safety and operating costs.
In: New shelf-life technologies and safety assessments, VI'T Symposium 148, Espoo,
Finland (1995) 203.



165

Curriculum vitae

Pieter de Jong was born on July 19, 1965 in Utrecht, the Netherlands. In 1982, he
finished the secondary school at the Driestar college in Gouda. From September
1982 to June 1986 he studied Chemical Technology at the Hague College of
Technology. In addition he worked at the Research and Development department
of Melkunie B.V. in Woerden for a period of 5 months. In April 1987 he joined the
group of Process Engineering at the Netherlands Institute for Dairy Research in
Ede. About 3 years later he studied the fouling of heat treatment equipment in the
dairy industry in a project sponsored by the Dutch government (Netherlands
Agency for Energy and the Environment) resulting in a Ph.D. study at the
Technical University of Delft which he finished in 1995.

Pieter is married to Anja de Jong-Assink and has two sons. He has been the
organist of the Grote of St. Jans Kerk in Montfoort since 1983.



