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Abstract

Abstract

This work seeks to identify and quantify the influence of surface energetic and topographic
properties on the fouling and cleaning of milk constituents. Amorphous hydrogen containing
carbon coatings (a-C:X), diamond-like carbon (DLC, a-C:H) and Si doped DLC (a-C:H:Si
and a-C:H:Si:0) coatings were used for the investigations. The surfaces were characterized
according to their surface free energy, roughness, topography, zeta potential and chemical
composition. To obtain insight into fouling and cleaning patterns and mechanisms,
experiments were carried out in three different test facilities: batch vessel, flow cell and plate
heat exchanger (PHE). Wherein the thermal fouling resistance was monitored and the amount,
composition and structure of the deposits as well as the protein content in the cleaning
solution were determined. Batch-wise fouling experiments were performed with whey protein
(WPI), calcium phosphate (SMUF) and both components combined as well as raw milk at low
and high initial surface temperatures of 80 °C and 120 °C (105 °C for calcium phosphate
deposition) on diverse coated standard and electropolished stainless steel surfaces.
Meanwhile, continuous fouling experiments were carried out in a commercial pilot scale PHE
using a calcium phosphate-rich whey protein solution as model fluid. The PHE facility was
operated at a product side flow velocity of 0.1 m s™' (Re = 870), heating the solution from a
temperature of 62 °C to 85 °C. The cleaning kinetics of WPI plus SMUF soils on the coated
surfaces was monitored in a flow cell using 0.25 % w/w and 0.5 % w/w NaOH. The
experimental results were fitted using a mathematical model.

The fouling layer formation, composition and structure, as well as its adhesion and
cohesion strengths and thus its removal were affected by the surface free energy, surface
roughness, the initial surface temperature, the solution composition and the flow conditions.
The main surface property influencing the interactions at deposit/surface interface was the
polar contribution to surface free energy, particularly the electron donor component (y). A
quadratic relationship between y and the final fouling resistance Rgeng, deposit dry mass or
protein and mineral contents could be found. Slightly more fouling built up on electropolished
coated surfaces, which were also more difficult to clean, compared to unpolished coated
surfaces. The influence of the y~ on deposition was stronger at the initial surface temperature
of 80 °C than at the temperature of 120 °C, in which protein denaturation and precipitation of
calcium phosphate are enhanced. In the protein-free solution, the formation of different
calcium phosphate aggregates in the first fouling layers could be related to the y~ component,
which possibly also contributed for deposits with different structures from the protein and
SMUPF-rich protein solutions. On low y surfaces, calcium phosphate will prevail, while
protein will attach preferentially to high y™ surfaces. Crystallization and particulate fouling
were more pronounced than protein fouling in the fouling experiments under flow conditions.

The removal patterns as well as the thermal data and cleaning profiles were dependent
on the surface properties. On high y™ surfaces, the soil was almost completely removed and the
highest cleaning rate as well as the fastest reduction of the thermal resistance could be
measured. Optimum y values for minimal fouling and maximal cleaning effort were
suggested.
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Kurzfassung

Kurzfassung

Mit dieser Arbeit wurden die Effekte der energetischen und topographischen
Oberfldcheneigenschaften auf die Belagbildung und Reinigung von Milchkomponenten identifiziert
und quantifiziert. Um die Oberflicheneigenschaften variieren zu konnen, wurden amorphe
wasserstoffhaltige Kohlenstoffschichten (a—C:X), Diamond-like Carbon (DLC, a-C:H) und
Si dotiertes DLC (a—C:H:Si und a-C:H:Si:O) fiir die Untersuchungen verwendet. Die
Charakterisierung der Oberfldchen erfolgte iiber die Bestimmung der jeweiligen freien Oberfldchen-
energie, Rauheit, Topographie, Zetapotential und der chemischen Zusammensetzung. Drei
verschiedenen Anlagen: eine diskontinuierliche Laborversuchsanlage, ein Strémungskanal und ein
kommerzieller PilotmafBstab Plattenwiarmetibertrager (PHE) wurden fiir die experimentellen Versuche
verwendet. Durch die Erfassung des thermischen Foulingwiderstandverlaufes und die Ermittlung der
Belagmasse, —zusammensetzung und —struktur sowie des Proteingehalts in der Reinigungslosung
konnten Aussagen iiber das Fouling—- und Reinigungsverhalten sowie die daran beteiligten
Mechanismen getroffen werden. Dazu wurden Beldge aus drei Modellstoffsystemen:
Molkeproteinisolat (WPI), Calciumphosphat (SMUF) und beide kombiniert sowie Rohmilch, bei
initialen Oberflachentemperaturen von 80 °C bzw. 120 °C (oder 105 ° C fiir das Calciumphosphat-
fouling) auf verschiedenen beschichteten unbehandelten und elektropolierten Edelstahlsubstrakten in
der Batchanlage erzeugt. Die kontinuierlichen Foulingexperimente wurden an der PHE-Anlage
durchgefiihrt, die bei einer produktseitigen Stromungsgeschwindigkeit von 0,1 m s (Re = 870)
betrieben wurde, wobei die Modelllosung (WPI plus SMUF) in einem Temperaturbereich von 62 °C
bis 85 °C erhitzt wurde. Die Reinigungskinetik von WPI plus SMUF Beldgen wurde in einem
Stromungskanal mittels 0,25 % w/w und 0,5 % w/w NaOH untersucht. Die daraus resultierenden
Versuchsergebnisse wurden unter Verwendung eines mathematischen Modells angepasst.

Die Belagbildung, die Belagzusammensetzung und -struktur sowie die Adhisions— und
Kohisionsfestigkeiten und damit die Entfernung des Belages wurden durch die freie
Oberflichenenergie und -rauhheit sowie durch die initiale Oberflichentemperatur, die Losungs-
zusammensetzung und die Stromungsverhéltnisse beeinflusst. Der polare Anteil der freien
Oberflichenenergie, insbesondere die Elektronendonorkomponente (y’), hat wesentlich die Wechsel-
wirkungen zwischen Belag und Oberfliche beeinflusst. Eine quadratische Beziehung zwischen y” und
dem Endwert des Foulingwiderstands Rg.,q, Belagmasse oder Protein— und Mineralgehalte im Belag
wurde gefunden und ein statisches Modell zur Beschreibung des Zusammenhangs zwischen diesen
Parametern wurde vorgeschlagen. Etwas mehr Verschmutzung auf beschichteten elektropolierten
Edelstahloberfldchen, die auch schwieriger zu reinigen waren, wurde im Vergleich zu beschichteten
unbehandelten Edelstahloberfldachen festgestellt. Der Einfluss von y™ an der Belagbildung war stérker
bei der initialen Oberflichentemperatur von 80 °C als bei der Temperatur von 120 °C. In der
proteinfreien Losung hing die Bildung von verschiedenen Calciumphosphat—Aggregaten in den ersten
Foulingschichten mit der y Komponente zusammen, die auch fiir Ablagerungen aus Protein sowie aus
Protein plus Calciumphosphat mit unterschiedlichen Strukturen beigetragen hat. Auf niedrigen y
Oberflichen wuchs ein Belag iiberwiegend aus Calciumphosphat, wihrend sich auf hohen Yy
Oberflidchen Protein bevorzugt ablagerte. Die Beldge unter kontinuierlichen Stromungsbedingungen
entstanden mehr aus Kristallisations- und partikuldarem Fouling als aus Proteinfouling.

Die Reinigungsmuster sowie der thermische Foulingwiderstand und die Reinigungsprofile
waren abhingig von den Oberflicheneigenschaften. Auf hohen y  Oberflichen konnte der Belag
nahezu vollstindig entfernt werden und die hochste Reinigungsrate sowie die schnellste Abnahme des
thermischen Foulingwiderstands wurden gemessen. Optimale y~ Werte fiir minimales Fouling und
maximale Reinigungswirkung wurden daraus abgeleitet.
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Nomenclature

Nomenclature

<A>
A

Acoupon
Aplate gap
A

[Ca]

Co

Ci

Con

Cp

Cprotein

[As]
[Vm']

[J mol™!]
[N]

mean signal amplitude

area, plate heat exchange area

coupon area

transversal surface of the plate gap

area required to transfer the total heat load
calcium concentration

concentration of the reaction products in bulk
regression coefficient

concentration of hydroxyl ions

mean specific heat capacity

protein concentration in the cleaning solution

concentration of the reaction products at the solid
surface

concentration of contaminant in equilibrium with
solvent

concentration of contaminant removed

diffusion coefficient

hydraulic diameter of particle or of channel in the
PHE, d, = 24/¢

elementary charge, 1.60 x 107" C

electric field

Activation energy

force to remove the deposit

Henry function

fraction of liquid area in contact with the solid
fraction of liquid area in contact with the entrapped
air, f2 =1- f]

Gibbs energy

film heat transfer coefficient

empirical rate constant

first order rate constant for surface area reduction
Boltzmann’s constant, 1.38 x 1072 1K!

mass transfer coefficient for the reaction products
connecting rod length

contact length between the force probe and deposit
at the breakage point

mass of the soil

mass flow rate

rate of deposition

mass of deposit per unit heat transfer surface
protein mass

rate of removal

refractive index of the liquid
Avogadro’s number, 6.022 x10? mol™!
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Nomenclature

Greek

>

[-]
kg s'lm'l]
[m]

number of measurements or observations of the
sample

number of moles of contaminant removed
electric power

heat flux

heat duty

scattering vector

gas constant, 8.314 J K" mol™

ratio between the solid-liquid contact area and its
true projection on a horizontal plane

mean roughness

cleaning rate

constant or maximal cleaning rate

thermal fouling resistance

roughness depth

arithmetic mean deviation

surface area ratio

surface maximum height

ten point height

Time

temperature

surface temperature

temperature difference between bulk and wall
log mean temperature difference (LMTD)
time for complete cleaning

cleaning time in decay stage

reputation time

sum of cleaning times in swelling and uniform stage

TN, concentration
overall heat transfer coefficient
velocity

volumetric flow rate

total cleaning solution volume

electrophoretic mobility

waviness

thickness or distance

thickness of the equivalent boundary layer
height of the probe above the deposit—surface
interface

critical yield stress that must be exceeded to start
removal

removal number ~ Nu

dynamic viscosity
corrugation depth
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Nomenclature

B [°] chevron corrugation inclination angle
Y [mN m™] surface free energy

€ [-] medium dielectric constant

0 [°] contact angle

05 [°] scattering angle

Ks [N m’l] resisting interfacial tension
A [m] corrugation wavelength

A [Wm' K] thermal conductivity

Ao [m] wavelength in vacuum

& [s] kinetic constant

p [kg m™] density

Pr [kg m™] deposit density

Tw [Pa] wall shear stress

() [m] Doppler phase shift

) [-] plate area enlargement factor
Y [-] dimensionless parameter

Dimensionless numbers

Nusselt number N
u u u Nu = %
Prandtl number Pr pr = e,
A
Reynolds number Re Re = pvd,

Superscripts and subscripts

electron donor (base)

+ electron acceptor (acid)
0,0 initial

1 liquid

2 solid

3 gas

AB Acid-Base

clean clean surface

dis dispersive

end final

f fouled

in inlet

LW Lifshitz-van der Waals
out outlet

pol polar

PS product side

r removal

S solid

SS service side

TOT total
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Nomenclature

Acronyms / Abbreviations

ACP
AFM
ANOVA
CIP
CVD
DLC
DVLO
EDLC
ESEM
ESICAN
ESICON®
ESS

IEP
PECVD
PHE
SMUF

S

SE

SS

TN,
UHT
WPC

WPI

o-la
p-lg

amorphous calcium phosphate

atomic force microscope

analysis of variance

cleaning in place

chemical vapor deposition

diamond-like carbon

Derjaguin and Landau, Verwey and Overbeek

electropolished plus DLC coated surface

environmental scanning electron microscopy

electropolished plus SICAN coated surface

electropolished plus SICON® coated surface

electropolished stainless steel

isoelectric point

plasma enhanced chemical vapor deposition

plate heat exchanger

simulated milk ultrafiltrate

sample standard deviation

standard error

stainless steel

bound nitrogen

ultra-high temperature

whey protein concentrate, dairy product enriched in whey proteins (60 — 85 %)
obtained from milk whey

whey protein isolate, dairy product enriched in whey proteins (= 90 %) and
proportionally lower concentration of lactose and minerals than WPC
a-lactoalbumin

B-lactoglobulin
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1 Introduction

The dairy industry has been confronted with fouling since the first commercial pasteuriser in
the mid-1880s (Westhoff, 1978) and plate heat exchangers were introduced in the 1930s
(Visser and Jeurnink, 1997a; Wang et al., 2007) for pasteurizing and sterilizing milk. Since
then, diverse technological approaches have been proposed and applied to mitigate milk
fouling, although such strategies are limited, need to be adapted to the product or are not
effective and sustainable in controlling deposit formation. The control of fouling in the food
industry is essential to prevent food contamination and the risk to consumers’ health.
Therefore, heat transfer systems are regularly cleaned, resulting in: (i) loss of production
efficiency, due to downtime for cleaning; (ii) additional energy and resource consumption, to
counter heat transfer inefficiencies caused by fouling, and to heat cleaning solutions; and (iii)
waste production and the necessity to treat the effluents. While the global production of milk
products is consistently increasing on average, milk fouling remains an unresolved issue at
present. Owing to the insufficient knowledge about the factors and conditions affecting the
incidence of fouling as well as the complexity of deposition and cleaning mechanisms, the
heat transfer equipment is often over designed and most CIP systems are operated on a semi-
empirical basis. This scenario gives rise to new needs, new technological developments and
requirements (Wilson, 2005; Napper, 2007; Guignard et al., 2009) and thus reflects the focus
of this research.

The adhesion of particles to surfaces is unavoidable in food processing facilities (Bobe
et al., 2007). The attachment, adhesion, retention and removal of foulant components to the
surface during the thermal processing of food products are complex processes involving
interactions between the surface, the deposit and the foulant or cleaning solution. In addition,
these processes are affected by diverse factors. Fig. 1.1 summarizes the influencing factors on
and removal,

deposition, Ihd, ril,’ of whey protein and calcium phosphate, the main

components of milk deposits, during fouling.
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Fig. 1.1. Deposition and removal on a heat transfer surface by a calcium phosphate—rich whey

protein solution. O native and # denatured B-lactoglobulin, - calcium phosphate
nanoclusters, crystals or particulates (adapted from Boxler et al., 2014b)
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In order to understand the mechanism of deposit formation and removal, topographic
and energetic surface properties have been modified and their effects on parameters such as
heat transfer performance, pressure drop, deposit characteristics and properties, deposit
adhesive and cohesive strengths and cleaning kinetics have been related. The defined surface
modification offers strong potential to avoid or minimize fouling, as well as enhancing the
cleanability of the surface, given that the interaction between heat transfer surface and process
fluid constituents in the building of the first fouling layers can be altered/changed. The change
of the interactions at the interface liquid/deposit might thereby result in longer operational
times and shorter cleaning periods. However, an anti-fouling surface, approved for use in the
food industry, is easy to clean, resistant in operation and remains effective over the lifetime of
a plant is still a challenge (Boxler et al., 2014a).

The aim of the present work is to extend the knowledge about the fouling process
occurring during the heat treatment of milk products. For this purpose, the fouling behavior of
three model solutions (whey protein, SMUF — a solution that simulates the mineral
composition of milk, and a SMUF-rich whey protein solution) on amorphous hydrogen
containing carbon coatings, namely a-C:H, a-C:H:Si and a-C:H:Si:O, with different energetic
surface properties is to be examined. These coatings show non-cytotoxicity, satisfy corrosion
and mitigation standards for food contact and offer superior mechanical properties, thus
probably being suitable for many applications in the food industry. The fouling experiments
will be carried out under batch conditions and in a pilot scale plate heat exchanger, attempting
to approach an industrial situation and permitting the comparison of both processing modes.
Previously published studies (as will be discussed in Chapter 2) investigated mainly the
influence of process conditions or of surface properties on the formation and composition of
whey or milk deposits. However, the simultaneous influence of process and surface related
variables on milk fouling is missing. Therefore, further objectives of this work are to quantify
and model the relationship between process conditions, surface properties and deposition
parameters as well as to find out the particular influencing variables.

The cleaning process is affected by six parameters: temperature, chemistry, cleaning
time or duration, fluid mechanical action, type and amount of deposit and surface material or
properties, as described in the extended Sinner’s circle (GraBhoff, 1998). Here again, many
studies have shown the separate influence of process parameters and surface properties
(mainly surface material and roughness) on different type of deposits, but no attention has
been given on the simultaneous influence of more than one surface property (surface free
energy and surface roughness) on cleaning. Thus, another focus of this work concerns the
understanding of the cleaning process of milk deposits formed on surfaces with different
properties. The combined influence of the surface properties on the cleaning kinetics will be
be identified and quantified. For this purpose, reproducible deposits will first be generated on
the amorphous hydrogen containing carbon coatings, which are then examined regarding their
cleaning behavior.
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2 Theoretical Background

In this chapter, aspects of fouling in general and milk fouling in particular are presented.
Furthermore, the deposition mechanisms of milk constituents such as proteins and salts are
brought to perspective. In this context, influencing factors and fouling mitigation strategies
are outlined. Section 2.3 addresses cleaning mechanism and models. Finally, the influence of
surface properties on fouling and cleaning of food deposits is discussed.

2.1 Fouling — General concepts

Fouling is the formation and accumulation of unwanted deposits on the surfaces of heat
exchangers (Bott, 1995). Soiling also includes the accumulation or presence of residues,
cleaning agent residues and residues from rinse water (Maxcy, 1973). The fouling layers lead
to a drastic reduction of the equipment thermal efficiency and an increase of the pressure drop
in heating systems. Furthermore, the deposits can contaminate the fluids with which they
come in contact and promote favorable environmental conditions for the growth of
microorganisms and biofilm formation (Marchand et al., 2012). Consequently, additional
capital and operating costs and the loss of production opportunities due to production
downtime are caused. In the food industry, fouling might also cause a reduction of food
quality due to overheating or insufficient heating, resulting in the loss of product quality
(Cattaneo et al., 2008) or the potential risk of microbiological contamination (Holsinger et al.,
1997). Hence, regular and intensive cleaning procedures are required to remove the deposits,
maintain production efficiency and meet hygienic standards and regulations.

2.1.1 Fouling mechanisms and phases

Fouling is a complex process, usually involving various physicochemical sub-
processes, which on the other hand are related to the composition and physicochemical
characteristics of the fluids in contact with the surface, the properties of the heating surface,
design of the heat exchanger, mode of heat transfer, operating conditions (mainly temperature
and flow regime) and the type/nature of the fouled layer.

The fouling process can be classified into five groups (Epstein, 1981), depending on
the key physical or chemical fouling mechanisms:

1. Crystallization or scaling formation: the precipitation of soluble material from the bulk
fluid onto the solid surface due to a reduction in its solubility at the wall temperature.
This category also includes the freezing fouling, which is the deposition of solid
material from the process fluid itself through cooling down to its freezing point (Bott,
1990);

2. Particulate sedimentation, accumulation or silting: the deposition of finely dispersed
insoluble solid particles from the process stream onto a heat transfer surface;

3. Chemical reaction accompanied with product attachment: deposit formed by chemical
reactions, such as the decomposition or polymerization of organic matter at the heat
transfer surface, in which the surface material itself is not a reactant;
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4. Corrosion of the heat transfer surface: corrosion of the substrate resulting in corrosion
products, which foul the surface and can foster the attachment of other potential
fouling compounds;

5. Biological fouling or biofouling: deposition and growth of microorganisms at the heat
transfer surface. The transport of the cells towards a surface, their initial adhesion and
the polymer production by the cells leads to the formation of biofilms. The presence of
suitable nutrients in a particular environment will determine the survival of the
microorganisms, the production of exo-polysaccharides and their consequent growth
(Bott, 2011).

A combination of several of the above mechanisms can occur simultaneously, forming
a mixed or composite fouling (Epstein, 1981; Bott, 1990; Sheikholeslami, 1999), such as
deposits formed in the food industry (Fig. 2.1).

Fig. 2.1. Deposits formed by heating of food products (Kessler, 1996). a: aqueous solutions or
fat; b: sugar or low molecular weight carbohydrates, crystal formation by adhesion
and agglomeration; c: adsorption of a protein monolayer; d: cross-linked protein
agglomerates; e: adsorption of ions or crystals; f: crystallization; g: protein deposits
with salt inclusions; h: salt deposits with protein inclusions; i: mixed deposits of
protein and salt layers

The overall fouling process consists of a number of sub-processes (Epstein, 1981),
encompassing bulk, induction, fouling and aging reactions, as well as diffusion (Sandu and
Lund, 1985). The five most important sub-processes are summarized in Fig. 2.2. Here, again
an overlap of phases during fouling can occur, such as simultaneous deposition or re-
entrapment of particle agglomerate or particulate and removal, or deposit aging, which starts
as soon as it has been laid down on the heat transfer surfaces (Epstein, 1981; Bohnet, 1987).
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1. Initiation
- Induction
- Nucleation
- Incubation
- Surface conditioning

5. Aging
- Changes in structure of
the fouling layer
- Chemical degradation

\ /

2. Transport
- Diffusion
- Mass transfer

4. Removal 3. Attachment
- Erosion or re-entrainment - Adhesion or bonding
- Spalling or sloughing - Sticking or sintering

- Detachment - Crystallization

- Dissolution - Polymerization

Fig. 2.2. Important phases of fouling (Epstein, 1981; Bohnet, 1987)

2.1.2 Fouling related costs

It is estimated that the worldwide costs due to fouling amount to several billion €/a. In
industrial operations, the cost of fouling is in the order of 0.1 — 0.3 % of Gross National
Product (GNP) (Garrett-Price et al., 1985; Bohnet, 1987; Chenoweth, 1990; Steinhagen et al.,
1993; Xu et al., 2007). In the dairy industry, fouling and the resulting cleaning of the process
equipment accounts for about 80 % of the total production costs (Bansal and Chen, 2006).
The cost of fouling in the French dairy industry reached 150 million €/a in 1990 and
36 million €/a in the Netherlands in 1986 (Visser and Jeurnink, 1997b). The estimated product
loss costs in the Netherlands are around € 3,200/ton deposit (de Jong et al., 2002). An
overview of the environmental and ecological impact of the dairy sector (farming and
processing) regarding the greenhouse gas emission, primary energy consumption and water
use is given by Theilen and Goldbach (2000), Umweltbundesamt (2005) and Guignard et al.
(2009). The cleaning of equipment plays a major role in both hygienic and economic
considerations and has enormous potential for optimization. About 1.70 kg alkali and 0.60 kg
of acid (Spreer, 2005) or 3 kg cleaning and disinfection agents and 1.5 m® water (Molkerei
Weihenstephan, 2005, 2008; Guignard et al., 2009) are required per ton of processed milk. In
Germany, it corresponds to an annual consumption of 70 — 90 million tons of cleaning and
disinfection agents and 45 million m® water. For other dairy products such as cheese or
yoghurt, a specific consumption up to 6 m> water per ton product can be estimated (mostly
cleaning/rinsing water) (Guignard et al., 2009).
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In general, the costs caused by fouling involve:

1. capital expenditure: overdesign of the surface area and extra pumps;
ii.  provision of additional equipment to clean the process plant;
iii.  loss of production as a result of downtime for cleaning;

iv.  energy costs for increased heating demand, sterilization of equipments and the

operation of the plant during cleaning;

v.  costs with cleaning and disinfection agents and water as a solvent and detergent and
steam as an energy source and for sterilization;

vi.  disposal or processing for re-use of cleaning chemicals and effluent treatment;

vii.  operating costs of anti-fouling devices: employment of biocides to avoid biofouling;
purchase and dosing of biocides (Bott, 2011).

2.1.3 Fouling resistance

The fouling resistance, sometimes called the fouling factor, can be defined as the adverse
thermal effects of the presence of a deposit on heat transfer surface (Bott, 1995). Fig. 2.3a
illustrates the various resistances to heat transfer encountered as heat flows from a hot fluid to
a cold fluid (e.g a food product) and the accompanying temperature drops due to the presence

of fouling layers.
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For a constant heat transfer rate and steady state conditions and assuming the
formation of a uniform fouling layer, the heat flow for parallel plates is given by:

. A, A A
0= hssA(Tss _7},55) =1 A(Y},SS _Tw,ss) =— A(Tw,ss - Tw,PS ) == A(TW,PS - Tf,PS )
Xr ss X Xr ps
= hPSA(Tf,PS _TPS) 2.1

The overall temperature driving force to accomplish the heat transfer between the hot
and the product fluid streams is the sum of the individual temperature differences. i.e.:

(T _Tf,ss) +(Tf,SS _Tw,ss)"'(T ss _Tw,Ps)"'(T PS _Tf,Ps)+(Tf,PS _7;)5) or Tg—Th (2.2)

w, w,

Then the heat flux for parallel plates with identical heat transfer surface is given by:

q:Uf(Tss _TPS) (2.3)

The overall heat transfer resistance (1/Uf) for the fouled surface is a sum of the
individual resistances, namely the resistance of the outer and inner convective heat transfer,
the thermal conduction through the heat exchanger and the fouling resistances on the surfaces
of the hot and the product fluid streams. Since the heat transfer area remains unchanged,
overall heat transfer resistance U; for the fouled surface is:

P (2.4)

The thermal impact of fouling is often expressed in terms of the fouling resistance R
which is defined by the difference between the inverse of the fouled Uy and the clean Ugjeqn
overall heat transfer coefficient. Assuming no change of the film heat transfer coefficients
(hss and hpg, respectively), considering fouling only on the product side, i.e. Xfss = 0 m and
xtps = Xt for simplification, the thermal fouling resistance can be written as:

1 1 Xg
A, 2.5)

Assuming a uniform coverage of the entire heat transfer surface, the deposit coverage
(mass per unit area) my in the fouling layer can be expressed by:

m; = Xrpr = prAs Ry (2.6)

At constant density and thermal conductivity of the fouling layer, m¢ is directly
proportional to Ry. However, it is not usually a good assumption, given that the fouling layer
distribuition on the surface is seldom uniform, the values of pr and A are highly dependent
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upon the conditions existing at the time of deposition (Knudsen, 1980) and they can vary with
deposit aging (Davies et al., 1997).

In most cases, the deposition is simultaneously accompanied by a removal process that
is determined by the adhesion and cohesion forces between deposit/heat transfer surface or
deposit/deposit and the shear strength of the fouling layer. According to Kern and Seaton
(1959), the net rate of fouling or the rate of the increase of solid in the fouling layer thus
results from two competing process deposit formation and removal:

—L =mg¢—m;, (2.7)

The progress of a fouling process can be described by a plot of thermal fouling
resistance or mass of deposit per unit heat transfer surface against time. The three most
characteristic fouling curves, namely linear (1), non-asymptotic or falling rate (2) and
asymptotic (3), are shown in Fig. 2.3b. The sawtooth behaviour (4) displays a net rising curve
periodically interrupted by drops in the fouling resistance.

The different fouling curves are described as:

(1) Linear fouling: represents a process in which the deposition proceeds at a constant rate
and the deposit removal is negligible or the deposition and removal rates have a
constant difference. A linear increase of deposit mass and thus also the fouling
resistance with time takes place;

(2) Non-asymptotic or falling rate fouling: with increasing of the fouling layer thickness
and mass the deposition slows down, without the Ry tending towards a maximum
value. This behavior can also be observed when the deposition rate remains constant
(and the surface temperature decreases) and the removal rate increases with time;

(3) Asymptotic fouling: a steadily decreasing difference between deposit formation and
removal, in which the difference approaches zero as mass of the fouling per unit area

and thus Ry approaches a finite value (mzorR:, respectively). Removal of deposit

might begin right immediately after the deposition starts.

(4) Sawtooth fouling: a collection of increasing and rising curves, in which the
fluctuations of the fouling resistance are caused by a periodically removal of relatively
large chunks of deposit. Here, the removal process is determined by: (i) low deposit
adhesive and cohesive strengths, which can be caused by changes in the deposit
structure and chemical degradation; (ii) increased shear or thermal stresses; or (iii)
corrosion of the substrate.

Regarding the time profiles of fouling, three different phases can be distinguished, as
suggested in Fig. 2.3b:

I.  Delay or initiation period: can be observed before any appreciable fouling is recorded
after starting a process. This does not imply that no fouling occurs, although at this
time the first fouling layer is formed, e.g. nucleation in crystallization fouling or
organic monolayer formation in protein or biological fouling (conditioning of the
surface). The initiation phase ends at the initiation time tip;;
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II.  Transition period: deceptively low and even negative values of R¢ can be measured,
whereby the deposit roughness gives rise to an increase in the convective heat transfer
coefficient between the surface and the fluid, compared to that of the clean surface
(Albert et al., 2011; Epstein, 1981). In this “roughness controlled phase”, variations in
the initial temperature profiles, pressure drop and deposit mass can be detectable;

III.  Layer growth or fouling phase: the effect of deposit roughness declines in relative
importance as the fouling layer thickness increases and Ry becomes large. A compact
fouling layer grows up.

Phases I and/or II do not necessarily occur (Bohnet, 1987) and both together are also
called the induction phase. The induction phase ends at the induction time tj,g. From an
industrial perspective, the physicochemical interactions that take place in the induction phase
and the formation of the initial fouling layer are very important because they determine the
deposit adhesion strength and the cleanability of the surface (Bobe et al., 2007; Boxler et al.,
2013a).

2.2 Milk Fouling

The economic importance of the world dairy industry is highlighted in The World Dairy
Situation (2010), and for Germany by Wohlfahrt (2012). The worldwide milk production was
703 million tons in 2009, of which ca. 590 million was cow milk, including 120 million tons
of liquid milk for direct consumption. In Germany, approximately 30 million tons of cow
milk is produced and processed annually, of which 14 million tons, or almost half, is
exported. The German dairy industry generated annual sales of around 24 billion € in 2011,
making it by far the largest food industry in Germany. In 2011, an average consumer
consumed almost 120 kg of dairy products in the form of liquid milk and other products such
as cream, butter, yoghurt and cheese. Considering the magnitude of these numbers and the
costs due to fouling and cleaning, as indicated in section 2.1, it can be concluded that the
understanding of fouling and cleaning mechanisms holds great importance to prevent, avoid
or reduce fouling, as well as improving the cleaning efficiency in dairy.

Thermal treatment has long been used for preservation purposes in the processing of
dairy products (Westhoff, 1978; Holsinger, 1997). Raw milk is subject to pasteurization for at
least 15 seconds at 72 °C (Bohm et al., 2000; Regulation EU No. 605/2010, 2010) in order to
destroy heat sensitive spoilage and pathogenic bacteria. Further processing steps (UHT
treatment - at no less than 135 °C in combination with a suitable holding time (B6hm et al.,
2000; Regulation EU No. 605/2010, 2010) or drying) are designed to limit the growth of the
thermoduric bacteria that survive the pasteurization. Heating the milk also deactivates
enzymes that could degrade the product quality and eliminates non-pathogenic
microorganisms that could produce lactic acid or enzymes, leading to off-flavors, thus
increasing the product shelf life. Heat treatments also confer various functionalities to dairy
ingredients, such as viscosity, gelation, renneting, foaming, and emulsifying properties
(Augustin and Udabage, 2007). On the other hand, excessive heating of milk can lead to
undesirable alterations in the milk constituents that subsequently influence the functional
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properties of the dairy products. One consequence of the thermal treatment is the building up
of a fouling layer on the heat transfer surface due to physicochemical changes in the product.

The first published papers on milk fouling deal with the soiling of dairy farm utensils
or batch-wise pasteurizers, referred to as milk stone or milk scale, and were presented in the
early 1930s (Parker and Johnson, 1930; Tuckey, 1931).

Milk stone is the product resulting from the reactions between an initial film formed
on the equipment surface or remnant of deposit that was not readily removed by cleaning, and
the chemical constituents of water supply and cleaning detergents with repeated cursory
washing/cleaning cycles (Leeder, 1956; Gordon et al., 1968; Maxcy, 1973). The initial milk
film is formed by remained phospholipids where heat processing is not involved or remained
protein or milk salts due to heating of milk or milk products. The initial film or soil
contributes to the accumulation of additional residual, thereby permitting the growth of
microorganisms (Gordon et al., 1968; Maxcy, 1973).

Various processes occur during milk fouling, with the numerous interactions among
the milk components complicating the observation, understanding and prediction of the
fouling mechanism, only allowing for an approximate description. This is due to the fact that
milk is a biological and complex medium, whose composition varies seasonally and with the
cattle diet. Furthermore, a large number of physical and chemical factors such as the pH, age
and pre-treatment of the milk influence the formation, extent and nature of fouling. A general
overview of the milk fouling mechanism and the factors affecting it will be presented in the
next sections.

The individual milk constituents are involved in varying degrees and phases of the
fouling layers’ formation and growth due to their different physicochemical properties and
especially because of their different heat sensitivity. The raw milk (Table 2.1) and milk
deposit (Table 2.2) compositions are significantly different. Lyster (1965) and Jeurnink et al.
(1996a) showed that the milk deposit mainly constitutes whey proteins and milk salts. By
contrast, the other milk constituents such as casein, lactose and fat play a minor role in the
fouling processes (Jeurnink et al., 1996a) and only make a small portion of the deposits,
although they together account for over 80 % of the colloidal and soluble compounds in milk.
Severe fouling by casein micelles only occurs if the colloidal stability of the casein micelles is
reduced, e.g. by lowering the pH or by high pressure treatment (Jeurnink et al., 1996a).

Deposits formed after the heat treatment of milk are classified as type A or type 1 and
type B or type 2, depending on the heating temperature. With deposit type A, half of the
protein deposit consists of whey protein (Lyster, 1965; Lalande et al., 1985). Both fouling
types might also occur simultaneously during High Temperature Short-Time (HTST)
pasteurization, performed in the range of 72 °C — 100 °C, or during pasteurization prior to
UHT thermal treatment, resulting in a dense deposit with a foam-like structure (Barish and
Goddard, 2013).
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Table 2.1. Average cow milk composition and size of the major constituents (Walstra and
Jenness, 1984; Kessler, 1996; Walstra et al., 1999; Michalski et al., 2004;
Topel, 2004; Lucey and Horne, 2009)

Average Size Average
Constituents concentration Constituents concentration | Size [nm]
[% wiw] [nm] [% wiw]
Water 87.5 ~0.3 |Lactose 4.6 1
Total solids 13 -- Minerals 0.8 0.5 (ions)
Proteins 3.4 -- Calcium 0.1-0.12 --
Casein micelle 2.8 10 — 600 Magnesium 0.01 - 0.015 --
Ogj-casein 1 - Potassium 0.12-0.16 --
Olgp-casein 0.26 - Sodium 0.03 - 0.06 --
B-casein 0.93 -- Carbonate ~0.02 __
K-casein 0.33 -- (including CO,) ’
y-casein 0.08 - Chloride 0.08 - 0.12 -
minerals 0.2 -- Citrate 0.13-0.2 --
Calcium 0.008 - Total
Magnesium 0.0004 -- phosphorous 0.09-0.1 -
Inorganic POy 0.1 -- (all forms)
Citrate 0.018 - Inorganic POy 0.17-0.2 --
Whey proteins 0.6 1-10 Sulphate ~0.01 -
B-lactoglobulin 0.32 1.2 —6 | Fat globule 3.9 100 — 10,000
a-lactoalbumin 0.12 3 L
T S il BT
IgG, IgA, IgM 0.08 -- '
Other proteins 0.36 -- pH 6.7 --
PO, = phosphate, BSA = bovine serum albumin, Ig = Immunoglobulin
Table 2.2. Characteristics of milk and whey protein deposits
Original Deposit type Process Composition Appearance
fluid parameters [% w/w dry basis]
Whole Type 1 (Lyster, 1965) Pasteurization Protein: 50 — 60 Soft, spongy and
milk or T=75-100°C Minerals: 30 — 35 voluminous
Type A (Burton, 1968) Fat: 4 -8 structure, white
or cream-colored
Whole Type 2 (Lyster, 1965) Ultra-heat Protein: 15 — 20 Brittle and
milk or treatment (UHT) Minerals: 70 — 75 porous, grey
Type B (Burton, 1968) T=110-140 °C Fat: 4 — 8
Whey -- Pasteurization or depends on the Soft and spongy
protein (Robbins et al., 1999; ultra-heat treatment | solution compo- structure, white
Christian et al., 2002; sition: WPC, WPI or transparent
Hooper et al., 2006) or whey
Residues Milk stone Pasteurization Protein: 4 — 44 Yellow hard
from food | (Leeder, 1956; Kulkarni Minerals: 42 — 67 compact or grey
processing | et al., 1975) Fat: 4 -18; porous soft film
and up 72 °C mainly fat
imperfect and protein, above
cleaning 72 °C also minerals
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