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Abstract

Fouling is a chronic problem in many heat transfer systems and results in the need for
frequent heat exchanger (HEX) cleaning. In the dairy industry, the associated operating
cost and environmental impact are substantial. Antifouling coatings are one mitigation
option. In this work, the fouling behaviour of fluoropolymer, polypropylene and stainless
steel heat transfer surfaces in processing raw milk and whey protein solution are studied.
Methodologies to assess the economics of antifouling coatings are developed and applied.

Two experimental apparatuses were designed and constructed to study fouling at surface
temperatures around 90 ◦C. A microfluidic system with a 650 × 2000 µm flow channel
enables fouling studies to be carried out by recirculating 2 l of raw milk. The apparatus
operates in the laminar flow regime and the capability to probe the local composition
of delicate fouling deposit in-situ with histological techniques employing confocal laser
scanning microscopy. A larger bench-scale apparatus with a 10 × 42 mm flow channel
was built to recirculate 17 l of solution in the turbulent flow regime which is more repre-
sentative of conditions in an industrial plate HEX.

Experimental results demonstrate that fluoropolymer coatings can reduce fouling masses
from raw milk and whey protein solution by up to 50 %. Surface properties affect the
structure and composition of the deposit. At the interface with apolar surfaces raw milk
fouling layers are high in protein, whereas a strongly attached mineral-rich layer is present
at the interface with steel. Whey protein deposits generated on apolar surfaces are more
spongy and have a lower thermal conductivity and/or density than deposits on steel. The
attraction of denatured protein towards apolar surfaces and the formation of a calcium
phosphate layer on steel at later stages of fouling are explained with arguments based on
the interfacial free energy of these materials in water.

The financial attractiveness of coatings is considered for HEXs subject to linearly and
asymptotically increasing fouling resistance and using a spatially resolved fouling model.
An explicit solution to the cleaning-scheduling problem is presented for the case of equal
heat capacity flow rates in a counter-current HEX. Scenarios where the use of coatings
may be attractive or where there is no financial benefit in cleaning a fouled exchanger
are identified. Finally, experimental data are used to estimate the economic potential
of fluoropolymer coated HEXs in the ultra-high-temperature treatment of milk. In the
considered case, the value of a fluoropolymer coating inferred from the reduction in fouling
is estimated to be around 2000 US$ m−2.
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Chapter 1

Introduction

1.1 Context

Fouling, the accumulation of unwanted deposit on heat transfer surfaces, reduces the per-
formance of heat exchangers (HEXs) and incurs substantial operating expenses. These
are costs due to oversized HEX units, increased thermal inefficiency and pressure drop,
loss of production, maintenance and cleaning (Epstein, 1983). Cleaning introduces fur-
ther, non-energetic, environmental impacts associated with consumption and disposal of
cleaning chemicals and wasted product. The thermal load of HEXs in the food industry
is commonly in the order of megawatts. A reduction of the regenerative heating duty
thus also leads to a seizable increase in greenhouse gas emissions.

Fouling is determined by the nature and source of the foulant, additives, bulk temperature,
flow velocity, flow regime and residence time (Geddert, Bialuch, Augustin, & Scholl, 2009).
At the heat transfer surface, the local temperature and its surface energy, topography
and amount of nucleation sites are important. In most industrial heat exchangers the
processing conditions are confined to a narrow range. An option to stop or slow down
the accumulation of unwanted deposits is to apply surface antifouling materials to reduce
deposit attachment and promote cleaning. This work focuses on fluoropolymer (FP)
based coatings which show potential to slow down fouling in equipment for milk heat
treatment.

1.2 Project objectives

The aim of this project was to apply and extend the knowledge of FP coatings to mitigate
fouling in HEX applications. The focus lay on fouling from raw milk and milk model
systems. It is important to note that this project did not involve development of new FP
materials or coatings. The two main questions to be answered were:

A. How well do FP materials need to work to be economically attractive?
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B. How well and by what mechanism(s) do they mitigate fouling? Can this then be
predicted?

Four objectives were identified to answer questions A and B, with modelling and experi-
mental components.

Addressed Objective
question

A Development of techno-economic models to determine the economical
feasibility of FP HEX units versus conventional units over multiple
fouling and cleaning cycles.

A, B Measuring the characteristic properties including surface energy,
roughness, topology and thermal resistance of FP materials provided
by the project sponsors.

A, B Development and application of laboratory HEX(s), safe for use with
microbiologically active raw milk, to analyse the fouling and cleaning
behaviour of FP coatings over several fouling and cleaning cycles under
conditions simulating industrial operations.

A Utilisation of the data from coating characterisation and fouling ex-
periments in the techno-economic analysis to refine the economical
assessment of FP coatings in milk pasteurisers.

1.3 Structure of this dissertation

This dissertation begins by giving an introduction to fouling and reviewing literature con-
cerned with milk fouling in particular. The reader is introduced to the manufacture, the
unique properties and application of FP coatings. Recent studies on antifouling coatings
in HEXs for milk heat treatment are summarised. The methods developed by researchers
to assess the value of antifouling coatings by coupling economic objective functions with
physical HEX models are discussed. The physical models require experimental data from
coating characterisation and fouling test rigs: these research techniques and methods to
analyse fouling deposits are described at the end of Chapter 2.

Chapter 3 is concerned with improving techno-economic models to value antifouling coat-
ings in HEXs. Two approaches are considered: A lumped model based on the ‘number of
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transfer units’ method gives valuable fundamental insight into the economics of antifoul-
ing strategies and cleaning-scheduling of HEXs. A spatially resolved model demonstrates
how a mechanistic fouling model can be employed in the ‘value-pricing’ framework. These
approaches are illustrated with case studies based on data from the literature.

Chapter 4 reports the properties of the coatings and substrate materials studied: coating
material, thickness, thermal resistance, surface topography and surface energy.

A major fraction of this work is dedicated to experimental fouling studies with laboratory
apparatuses using raw milk and whey protein (WP) solution. Chapter 5 describes the
design and operation of a microfluidic fouling system and bench-scale HEX rig. The
apparatuses are used to measure the fouling performance of coating systems against the
performance of a stainless steel (SS) reference material. Emphasis is laid on studying
how the surface material affects the structure and composition of fouling deposit. The
experimental results are interpreted by considering the free energy of interaction of fouling
particles with heat transfer surfaces in an aqueous environment.

In Chapter 6 the information from coating characterisation and fouling experiments are
utilised to estimate the economic potential of FP coated plate HEXs in the ultra-high
temperature (UHT) treatment of milk. The incremental financial return of coating im-
provements is determined to provide guidance for future coating research and development
projects.

This dissertation concludes with Chapter 7 by summarising the key scientific advances
and proposing avenues for further research.
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Chapter 2

Literature review

2.1 Fouling in heat exchangers

Fouling is defined as the accumulation of unwanted deposits on surfaces. It can take
place in isothermal conditions, but it is often most severe in the presence of a tempera-
ture gradient (Epstein, 1983). Fouling of heat transfer surfaces arises because heating or
cooling of the processed stream promotes a complex and often not fully understood set
of effects, namely crystallisation, particulate, chemical reaction, corrosion and biological
fouling (Bohnet, 1985; Epstein, 1983). Within this classical framework milk fouling is
characterised by a combination of chemical reactions of polymerising protein and crys-
tallising milk salts (Bansal & Chen, 2006).

Epstein breaks the possible events of fouling down to:

1© Initiation, 2© Transport, 3© Attachment, 4© Removal and 5© Ageing.

After starting HEX operation, early 1© initiation steps occur on the heat transfer surface
which are specific for the type of fouling: e.g. nucleation of crystals or the adsorption
of conditioning films. During this time, often referred to as the ‘induction period’, the
consequences of fouling are small on a macro-scale level, e.g. determined by the overall
heat transfer performance (Albert et al., 2011; Bott, 1997; Geddert et al., 2009). Further
fouling species are brought to the surface by relatively well understood mechanisms of 2©
mass transport and 3© adsorb to the wall or already deposited material with a certain
probability (Belmar-Beiny et al., 1993; Bott, 1997). This probability is a function of
the attachment mechanisms and the operating conditions (Bott, 1997). Subsequently,
chemical bonds may be formed which increase the adhesion strength of the particle,
molecule or ion. Depending on the fluid shear exerted and the cohesive and adhesive
strength of the deposit, small parts or entire layers may be 4© released at any of the
preceding steps. After extended periods of operation the remaining deposit may undergo
5© ageing, i.e. reactions or consolidation effects which almost always yield a stronger,
more cohesive deposit which is harder to clean (Wilson, 2005).

Unsolved problems with heat transfer equipment have led to fouling being treated as a
‘chronic disease’ in the processing sector. Several researchers have estimated the total
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cost of HEX fouling in different countries, reporting values in the range of 0.1 to 0.35 %
of the gross domestic product (Garrett-Price, 1985; Pritchard, 1988; Steinhagen et al.,
1993; Xu et al., 2005).

2.2 Milk fouling

2.2.1 Fouling in milk heat treatment

All dairy products are heated prior to consumption to reduce the amount of viable
pathogens to a level where they do not constitute a significant health hazard (Holsinger,
Rajkowski, & Stabel, 1997). In high temperature short time (HTST) pasteurisation milk
is heated to 72–75 ◦C and held there for 15-25 s, depending on particle content (Bylund,
2015; Holsinger et al., 1997). Another common method is UHT treatment where milk is
heated to 135–150 ◦C for a few seconds (Bylund, 2015). The UHT method sterilises the
product and gives it a longer shelf-life. Typically, plate HEXs, using stacked metal plates
as heat transfer surfaces, are used in these applications. A schematic of a milk heating
process employing a plate HEX is depicted in Figure 2.1.

5 ◦C
72–150 ◦C

5 ◦C
8 ◦C

Milk
Heating medium
Cooling medium

(1) (2)

(3)

(4)

Figure 2.1: Simplified schematic of a plate HEX used for milk heat treatment based on
Bylund (2015). The (1) regenerative, (2) heating, (3) holding and (4) cooling sections
are indicated.

In a dairy, cold milk is pumped from receiving tanks to the regenerative heating section
(labelled 1 on the Figure) of a HEX where it is heated to 68–120 ◦C. Often there is
a homogeniser placed after the regenerative heating section which reduces the size of
milk fat globules by mechanical shear forces to increase colloidal stability (not shown).
Subsequently, additional heat is transferred from a heating medium (typically water or
steam) to increase temperature to 72–75 ◦C for HTST or 135–150 ◦C for UHT treatment
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(2). The milk passes an insulated holding tube (3) which ensures sufficient residence time
for pathogen inactivation and enters the regenerative section a second time, on the hot
side. A large amount of heat is transferred back to the incoming stream, lowering the
temperature of the milk to 8 ◦C and substantially reducing the heat load in the cooling
section (4). Up to 95 % of the overall heating and cooling duty can be achieved in the
regenerative section (Bylund, 2015).

Unfortunately, milk fouling is a common phenomenon in the regenerative and heating
sections and reduces their efficiency (Bansal & Chen, 2006; Sadeghinezhad et al., 2013).
Fouling accounts for a major fraction of operating costs in dairy processing (Steinhagen
et al., 1993). It increases resistance to heat transfer, pressure loss, cleaning costs and
compromises product quality and safety (Sadeghinezhad et al., 2013). Direct costs for
cleaning and indirect costs in terms of lost production can be much greater than energy
losses.

The two main constituents of fouling deposits – and key species involved in deposition –
are calcium phosphate and whey proteins (Bansal & Chen, 2006; Sadeghinezhad et al.,
2013). Tolkach and Kulozik (2007) described the aggregation and polymerisation path-
way of β-lactoglobulin (β-LG), a heat sensitive globular whey protein, as involving the
steps shown in Figure 2.2: at bovine physiological conditions β-LG is present as a dimer
(labelled N2), dissociating reversibly at temperatures above around 40 ◦C into two native
monomers (2N). At temperatures from 40 to 55 ◦C some side chains undergo minor re-
versible conformational changes, improving accessibility of its free thiol group. In this,
so-called R-state (NR), β-LG can polymerise, albeit at very low rates. Above 60 ◦C β-LG
partially unfolds and exposes the free thiol group. This stage is called the molten glob-
ule state (UMG) in which intramolecular disulphide exchanges become possible, rendering
this transition irreversible. Exposed apolar patches facilitate the association of β-LG to
and from aggregates (Un), simultaneously taking part in thiol exchange reactions to form
a polymer (Um). Above 130 ◦C native β-LG unfolds completely and loses its secondary
structure. Calcium ions mediate the aggregation by screening electrostatic repulsion (Si-
mons et al., 2002). The presence of a solid surface may lead to adsorption and deposition
at all of these stages, most notably via hydrophobic attraction and covalent bonds. The
ability of surfaces to participate in hydrophobic attraction is determined by their surface
energy (van Oss, 2003).

Concomitantly, the solubility of calcium phosphate decreases with temperature (Bansal
& Chen, 2006). This leads to nucleation and crystal growth of calcium phosphate on the
heat transfer surface and in the bulk liquid. Nucleation is favoured on existing particles
(Mullin, 2001). Hagsten et al. (2016) showed that particles formed in the bulk can also
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N2 2N 2NR 2UMG 2UD

Un

Um

~40 ◦C ~40–55◦C ~60–70◦C ~130–140◦C

(slow)

Figure 2.2: Schematic denaturation mechanism of β−LG, adopted from Tolkach and
Kulozik (2007).

adhere to the surface, which creates a complex composite matrix on many length-scales.
They used confocal laser scanning microscopy and fluorescent dyes exhibiting an increase
in fluorescence upon binding to investigate the structure and composition of deposits
formed in high temperature (milk stone) fouling.

Milk fouling deposits can be roughly categorised into type A and type B, grouped by
material composition and rheological properties (Foster, Britten, & Green, 1989; Lalande
et al., 1984). Burton (1968) described type A deposit as a soft, voluminous, curd-like
proteinaceous material, white or cream in colour, which may overlay a harder base layer.
It is formed at temperatures up to 100 ◦C. Type B fouling is found at higher temperatures;
Burton described it as brittle, gritty, and grey in colour. This deposit has higher mineral
and lower protein contents than type A.

Although the mechanisms in dairy fouling are qualitatively understood (Sadeghinezhad
et al., 2013), few effective strategies have been identified to reduce deposit formation or its
consequences in practice. One approach is the use of antifouling coatings, minimising the
adhesion or mediating the build-up of deposit which is subsequently easier to clean. Some
studies have demonstrated the effect of the surface on deposit composition (Boxler et al.,
2013c) but to the authors’ knowledge few studies have considered the spatial distribution
of the species on non-metallic surfaces. The sequence of events involved in milk fouling
has been debated at length. With stainless steel, some studies have reported a high
concentration of minerals close to the heat transfer surface at 100 and 140 ◦C (Foster et al.,
1989; Foster & Green, 1990) whereas others, using calcium phosphate-rich WP solution
as a model material, stated that they found a dense sub-layer but could not measure a
difference in composition (Boxler et al., 2013c). The experimental time-scales in these
studies differed from 15 min to 2 h and may have had an influence on the micro-structures
observed. In particular, mineral and ion diffusion through the deposit, dissolution, and
recrystallisation events at later stages of the fouling process cannot be excluded (Belmar-
Beiny et al., 1993). In general, deposit with a high mineral mass fraction is found to
adhere more strongly (Foster et al., 1989; Foster & Green, 1990; Lalande et al., 1984).
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Extended periods of high temperature exposure lead to the above mentioned recrystallisa-
tion processes and to further cross-linking of proteins, yielding a material which is harder
and more difficult to clean (Fickak et al., 2012). Because the operating periods in the
food industry are bound by hygienic considerations, ageing to the extent seen in other
industrial sectors, e.g. oil refineries (Ishiyama et al., 2014), is generally not observed.

2.2.2 Surface–foulant interactions

The interactions between the heat transfer surface and the fouling species can have an
effect on four out of the five basic events of fouling.

Initially, when milk comes into contact with the heated surface, proteins adsorb to the
interface to form a thin layer (Visser & Jeurnink, 1997). The composition of this layer is
not necessarily constant over extended periods of operation (Foster et al., 1989; Foster &
Green, 1990). Hydrophobic materials have been reported to induce extensive conforma-
tional changes of β-LG on adsorption, which has been shown experimentally (Karlsson
et al., 1996; Kim et al., 2002) and computationally with molecular dynamics simulations
(Zare et al., 2015). Zare et al., who studied β-LG at the decane–water interface, showed
that hydrophobic amino acid residues, some of which are normally buried within the pro-
tein at physiological conditions, are exposed to the hydrocarbons on adsorption. β-LG is
able to bind small hydrophobic molecules, such as fatty acids, in a central hydrophobic
cavity. Bound conjugated linoleic acid stabilises the protein against heat and pressure
induced unfolding and aggregation (Considine et al., 2007).

The nucleation of calcium phosphates is affected by surface roughness and surface energy.
Rough surfaces provide energetically favourable sites for crystal nucleation (Mullin, 2001).
Rosmaninho and Melo (2006) investigated nucleation of calcium phosphate on surfaces
which varied in surface energy but were similar in roughness. They found that surfaces
with many Lewis base (electron donor) sites generated more numerous crystal nuclei
with a higher total mass, albeit with a smaller individual size. The mineral deposit on
surfaces rich in electron donor sites was also more compact and harder to clean. The
medical sciences are interested in calcium phosphate nucleation and growth because it is
the major constituent of bones. SS 316 is used for medical implants and binds successfully
with calcium phosphate bone material (Javidi et al., 2008).

Intermolecular forces and chemical reactions between the foulant particles, the solution
and the HEX surface ultimately determine attachment and removal of fouling deposit.
Since many soiling layers are many microns thick (they are visible to the naked eye)
cohesive interactions also determine how the layer responds to an imposed force.
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Mass transport of small particles, molecules and ions is classically treated as a diffusion
process taking place from the fluid core through the mass transfer boundary layer to the
heat transfer surface (Epstein, 1983). Although mass transfer (and heat transfer, as they
are linked) can be affected by the roughness of the heat transfer surface by means of a
higher friction factor (Pääkkönen et al., 2015), the local interactions at the solid–liquid
interface are generally not considered in classical transport models.

In some cases, the surface can act as a catalyst in ageing reactions, e.g. different metals
are reported to affect oxidation rates of fats and oils (Ziels & Schmidt, 1945).

2.3 Antifouling coatings in heat exchangers

2.3.1 Fluoropolymer coatings

Antifouling materials and coatings are typically employed in HEXs to stop or slow down
the accumulation of unwanted deposits and to promote cleaning. A distinction can be
drawn between coating a heat transfer surface made from conventional materials (e.g.
stainless steel (SS)) and exchanging the conventional base material for an antifouling one.
While the focus of this work is on coatings, it is acknowledged that mono-material FP
solutions can be more suitable in highly corrosive environments (Cevallos et al., 2012).
Coatings may be permanent or sacrificial (see Yang et al., 2015) and can be applied by a
number of techniques.

There are several requirements for a permanent antifouling material in a HEX application.
It should, e.g.

• extend the operating period before cleaning is required, and/or improve cleaning
rates or effectiveness.

• retain its effectiveness and be mechanically and chemically stable over many fouling
and cleaning cycles. The alternative, of disposable units, is not usually practicable
in industrial processes.

• not impair heat transfer to a large extent, since this will require a larger heat transfer
area to achieve the same heat duty.

• satisfy application specific criteria, e.g. high temperature resistance, compliance
with food-grade standards, or corrosion performance.
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In this work, the focus lies on FP based coating systems, which possess potentially de-
sirable attributes for fouling mitigation. These coating systems may consist of different
layers, matrices and particles and can be best understood as composite materials designed
to meet the above mentioned requirements. McKeen (2007) outlines the main constituents
of FP coating systems as:

• Primer: This first coating layer acts as a bonding agent between the substrate and
the rest of the coating system.

• Binder: Includes all polymers in the coating and acts as an adhesive to join elements
of the coating system.

• Pigment, Filler, Extender: Insoluble fine particles added to the coating to

– alter the appearance of the coating or hide the substrate;

– increase the roughness of the coating;

– alter rheological properties in the production process;

– reduce the cost by adding inexpensive ingredients;

– reduce permeability;

– improve physical properties such as strength and abrasion resistance;

– act as a carrier for active materials, which may (i) protect the substrate from
corrosion, (ii) prevent bacterial growth on the surface, (iii) provide fire resis-
tance, (iv) be electrically conducting and (v) protect against ultraviolet light.

The layer primarily responsible for the antifouling performance of the coating system
is the ‘topcoat’, which is in direct contact with the process stream. A distinction exists
between per-fluoropolymers and partially fluorinated polymers. In the latter, other atoms,
such as hydrogen or chlorine, replace the fluorine. The polymers are further classified as
homopolymers, copolymers or terpolymers etc. (see Figure 2.3), being polymerised from
a single, two or three etc. monomer(s), respectively.

The most prominent and simplest example of a FP is polytetrafluoroethylene (PTFE),
discovered by Roy Plunkett in 1938 (McKeen, 2007). Fig. 2.3a shows the linear structure
of PTFE, which is in fact twisted along its longitudinal axis (not shown). The fundamental
properties of FPs arise from the molecular structure and high bond enthalpies between
fluorine and carbon (single bonds: C C, 348 kJ mol−1, C F, 484 kJ mol−1, Atkins
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(1986)). The fluorine atoms provide a uniform sheath around the carbon-carbon bonds
and protect them from attack. PTFE is rated for use up to 260 ◦C, does not dissolve
in any common solvent, has a very low surface energy, is apolar and hard to polarise.
There are many related polymers, such as fluorinated ethylene propylene (FEP) and
perfluoroalkoxy (PFA). They can differ in molecular weights, grades of crystallinity and
endgroups but share, however, the common attributes of FPs to a large extent.
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Figure 2.3: Chemical structures of (a) PTFE (a homopolymer), (b) FEP, and (c) PFA
(both copolymers) (McKeen, 2007).

Although FPs have mostly been employed to date in the processing industry for their good
corrosion resistance, they have been recognised by some researchers for their antifouling
properties. Zhao et al. (2002) conducted a fouling experiment with a 2 g l−1 CaSO4 solu-
tion in water flowing with a mean velocity of 0.8 m s−1 and did not observe any notice-
able deposition on a heated rod coated with nickel-phosphorus-polytetrafluoroethylene
(Ni-P-PTFE). According to Rosmaninho and Melo (2006), modified PTFE coatings like
Ni-P-PTFE show better antifouling behaviour, especially when a certain shear stress (ex-
plicit values of shear stress were not reported) is exerted on the fouling layer during
operation. Interestingly, they also reported that lower surface energies lead to less dense
and presumably weaker fouling layers. Barish and Goddard (2013) demonstrated a 97 %
reduction in fouling mass coverage from raw milk at 85 ◦C on electroless nickel plated SS
with co-deposited PTFE particles. Kananeh et al. (2010) reported a 90 % reduction in
cleaning in place (CIP) time to remove deposits generated from a whey protein solution
on a PTFE coated SS (type not specified) laboratory HEX. Therefore, it might be ex-
pected that the lower adhesive strength of fouling layers on PTFE-based coatings would
give better cleanability.

Low total surface energies do not necessarily result in less fouling. According to Förster
and Bohnet (2000), PTFE has negligible influence on aqueous crystallisation fouling and
several workers, as summarised by Gomes da Cruz et al. (2015), have reported a negative
impact of FPs on milk fouling in HEXs. The ‘Baier-curve’ demystifies these contrary
findings somewhat as it gives a relation between the surface energy and relative bacterial
adhesion (Baier, 2006). The curve shows a minimum in bacterial adhesion at a surface
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energy of around 25 mN m−1, which was reported by Zhao et al. (2005) to apply to the
adhesion of calcium sulphate deposit as well. This minimum is considered to coincide
with the dispersive force contribution to the surface free energy of water (Baier, 2006).
While it may be possible to tailor the surface energy (and its components) to reach a
desired value, Förster and Bohnet (2000) noted that relatively rough polymer surfaces
may provide favourable heterogeneous nucleation sites for crystallisation fouling.

Due to mechanical, chemical and thermal stress, a FP coating may experience ageing
and change in performance, composition, coherence and appearance. This can occur
because of chemical and thermal attack of polymer endgroups, delamination of coating
layers, process material sticking in pores, or mechanically induced failure. The ‘history’
of the coating has a strong impact on its durability. Several defects can originate from
production: air entrapment, bubbles, blisters, pinholing, popping, mud cracking, stress
cracking, cratering, fisheyes and structuring due to Bernard cells (McKeen, 2007).

From the heat transfer perspective, coatings can be classified as those which impose
significant extra thermal resistance and those with negligible impact on heat transfer.
To ensure an even distribution and durability, FP coatings are often a few to a hundred
micrometres thick and thus add an additional heat transfer resistance.

At this level of knowledge it is not straightforward to select a coating for a specific
application. Initial screening tests have to be undertaken to identify which coating or
coating properties are suitable for a given foulant. In the long term this might yield a
matrix to select coating properties as a function of operating conditions and foulant.

Considerable effort has been spent on improving the abrasion resistance and adhesion of
FPs to the substrate (e.g. Siperko & Thomas, 1989; Thomas et al., 2001). Their non-
stick properties have set the benchmark in household applications and are effective even
after years of harsh thermal conditions and cleaning procedures. Ultimately however,
only a significant improvement in fouling and cleaning performance, and therefore lower
operating costs, will justify the application of a low surface energy coating on a HEX.

2.3.2 Other types of coatings

Gomes da Cruz et al. (2015) presented an overview of experimental studies on the effect
of surface coatings on fouling and cleaning of milk related deposits. Table 2.1 gives an
overview based on the table by Gomes da Cruz et al. (2015) extended with more recent
studies marked with asterisks. Researchers used a variety of coating types, including
FP coatings as discussed earlier and other polymers, such as polyethylene (PE), poly-



14 Chapter 2: Literature review

methyl methacrylate (PMMA), polystyrene (PS), cellulose acetate (CA) and polyether-
ether-ketone (PEEK), applied as a resin or solution. Other popular groups of techniques
are chemical vapour deposition (CVD), physical vapour deposition (PVD) and plasma
enhanced chemical vapour deposition (PECVD) which generate thin coatings with negli-
gible thermal resistance. Deposited materials include diamond like carbon (DLC), SiOx

and TiN.

Less than half of the studies employed unprocessed raw milk or ‘near-natural’ products
such as pasteurised milk or whey. A majority of tests were conducted with WP solutions,
simulated milk ultrafiltrate (SMUF) and combinations thereof. SMUF is a salt solution
which resembles the composition of milk serum (Morison & Tie, 2002).

Only a fraction of the coatings would be practical for industrial use: some coatings could
release potentially harmful materials like carbon nanotubes (CNTs) (Rungraeng et al.,
2012). Others are not resistant against chemical attack from cleaning solutions (Barish &
Goddard, 2014). Polyethylene glycol grafted polymer brushes repel protein by hydrophilic
repulsion and could be effective candidates against WP fouling (Mérian & Goddard, 2012;
van Oss, 2003). Unfortunately, the material degrades by oxidation in water and air at a
moderate temperature of 70 ◦C (Glastrup, 1996).
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Table 2.1: Summary of studies on antifouling coatings for milk-related products based on a table by Gomes da Cruz et al. (2015).

Material Foulant Fouling Cleaning Sources

P
T
F
E
-b
as
ed

PTFE Raw milk + - Gordon et al. (1968)
Whey + Dupeyrat et al. (1987)
Milk + McGuire and Swartzel (1989)
Raw whole milk + 0 Yoon and Lund (1994)
WP concentrate + - Kananeh et al. (2010)
Pasteurised milk + Rungraeng et al. (2012)

Ni-P-PTFE Dairy model fluid - - Beuf et al. (2004)
Skim milk - Balasubramanian and Puri (2008, 2009)
WP isolate in SMUF - Rosmaninho and Melo (2008)
Raw milk - Barish and Goddard (2013)
Raw milk, chocolate milk - - Huang and Goddard (2015)*

CNT–PTFE Pasteruised milk - Rungraeng et al. (2012)
ExcaliburR©, XylanR© Dairy model fluid - XylanR© - Beuf et al. (2004)

O
th
er

po
ly
m
er
s PE; silicone and fluorine resins Whey 0 Dupeyrat et al. (1987)

Nylon, PMMA, PS, CA, agarose Raw whole milk - PMMA, CA - PMMA Britten et al. (1988)
Silicone Raw whole milk + Yoon and Lund (1994)
Sillica sol-gel WP isolate + Santos et al. (2006)
LectroflourTM , AMC148-18 Skim milk + Balasubramanian and Puri (2008, 2009)
FEP, PEEK+FP, nanocomposites WP isolate -, + PEEK+FP - Mauermann et al. (2009)
Epoxy & polyurethane coatings WP concentrate - Kananeh et al. (2010)
FEP, PFA, epoxy-PTFE Raw milk - FEP - FEP, PFA Magens et al. (2015)*

C
V
D

DLC (prepared by PECVD) Dairy model fluid + Beuf et al. (2004)
DLC and Si-O-DLC WP isolate - at pH 6.7, + at pH 7.8 0 Santos et al. (2006)
DLC WP isolate - - Premathilaka et al. (2007)
Si-O-DLC (prepared by PECVD) WP isolate in SMUF - 85 ◦C Rosmaninho and Melo (2008)
Si-O-DLC (prepared by PECVD) WP isolate + - Mauermann et al. (2009)
Doped DLC (prepared by PECVD) Milk, whey 0 0 Patel et al. (2013)
DLC, Si-DLC, Si-O-DLC WP isolate, SMUF, -, 0 for batchwise - Boxler et al. (2013a, 2013b, 2013c)
(prepared by PECVD) WP isolate in SMUF deposition at 120 ◦C
SiOx Dairy model fluid - + Beuf et al. (2004)

WP isolate in SMUF - Rosmaninho and Melo (2008)

P
V
D

DLC WP isolate - at pH 6.7, + at pH 7.8 0 Santos et al. (2006)
TiN WP isolate + - Premathilaka et al. (2007)

WP isolate in SMUF + Rosmaninho and Melo (2007)
Ti-DLC WP isolate - - Mauermann et al. (2009)

O
th
er

Ion impl.: silica, SiF+, MoS2 Dairy model fluid - + Beuf et al. (2004)
Ion impl.: silica, SiF3, MoS2, TiC WP isolate - at pH 6.7, + MoS2 0, - SiF3 Santos et al. (2006)
Ion impl.: Silica, MoS2 WP isolate in SMUF + at 85 ◦C Rosmaninho and Melo (2008)
Ceramic alumio-silicate Whole milk - McGuire and Swartzel (1989)
Chromium oxide, methylated silica β-LG + 0 or + Karlsson et al. (1996)
Perfluorodecyltriethoxysilane WP concentrate and CaCl2 - - Zouaghi et al. (2018)*

Symbols: + more fouling or more cleaning effort; 0 no change in fouling or cleaning behaviour; - less fouling or less cleaing effort
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2.3.3 Economics of antifouling coatings in heat exchangers

A key question to be answered when considering antifouling coatings in HEX applications
is how well a coating must perform to be financially attractive. This question is likely to
be asked during the development of a coating business plan. A coating is attractive in a
specific application when this barrier to implementation is bridged. The inverse problem
is to quantify the financial attractiveness of a coating with a given performance. The
answer to this problem is sought when assessing the antifouling performance of existing
coatings. Likewise, a business considering investment in a coated HEX is interested in
the long term benefits compared to a reference case, such as an existing unit.

Antifouling coatings should extend the operating period before cleaning is required,
and/or improve cleaning rates or effectiveness: the financial benefit of this needs to be
balanced against the cost of installing a new or revamped unit. This is the core of the
‘value pricing’ concept introduced by Gomes da Cruz et al. (2015) and involves a series
of modelling and optimisation calculations.

The decision when and how to clean a fouling HEX is an optimisation problem, first
considered by Ma and Epstein (1981). Fig. 2.4a illustrates the underlying problem for a
single uncoated HEX. Operation for a period of length t incurs an amount of energy loss.
Cleaning restores the heat duty, q, to the clean state, qcl. However, cleaning requires the
unit to be taken offline for time τ , and induces further costs for the cleaning operation, Ccl.
A practical example of this problem was presented by Casado (1990) and a dimensional
analysis, including the effects of deposit ageing, was given by Ishiyama et al. (2014).
Pogiatzis et al. (2015) developed methods for identifying the optimal fouling-cleaning
cycle period, i.e., t+ τ , for cases where there is a choice of cleaning methods.

Possible effects of antifouling coatings, namely delaying the onset of fouling (larger tind),
hindering fouling (maintain q near qcl), as well as enhancing cleaning (reduce τ and/or
Ccl), are illustrated in Fig. 2.4b. ‘Non-stick’ coatings often incur additional capital
spending related to the cost and manufacturing of coated surfaces. There can also be a
reduction in the overall heat transfer coefficient when the layer has a relatively low thermal
conductivity. This reduction has to be offset by increasing the heat transfer area of the
coated HEX. The financial attractiveness (i.e. the economic sustainability) of installing
a coated HEX then depends on the trade-off between capital and operating costs over
the lifetime of the unit. In practice the lifetime of the unit is likely to be determined by
the effectiveness of the layer, as the layer is likely to degrade or otherwise suffer reduced
performance over time. The balance between these costs will differ between a new system
and a revamped or retrofitted one. In the latter case, an existing exchanger is replaced
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(a) Fouling-cleaning cycle in a HEX.
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(b) Fouling-cleaning cycle in a coated HEX.

Figure 2.4: Schematic of a fouling-cleaning cycle in an uncoated (a) and coated (b)
single HEX over time, t′. Following an induction period with negligible deposition of
length tind, the heat duty, q, falls from the clean value, qcl. After operating for time
t the unit is cleaned, taking time τ , and performance is restored to qcl. qm represents
the time-averaged heat duty and the grey shaded area represents energy lost.

and the extra capital outlay needs to be recovered from improved operation.

These financial considerations – which can include CO2 taxes associated with extra energy
consumption – effectively set bounds on the price of antifouling coatings, determined
by comparing manufacturing costs and the maximum saving that can be achieved from
fouling mitigation, in a ‘value pricing’ calculation. Order of magnitude estimates for
different applications can establish the potential attractiveness of antifouling coatings for
a given scenario.

Computation of the operating cost requires knowledge of the fouling behaviour over time,
q(t′). If this is available, it allows the operator or designer to determine the optimal
operating strategy and configuration of a HEX. Gomes da Cruz et al. (2015) considered
the linear fouling case, where the overall fouling resistance, Rf, increases at a constant rate.
They used the lumped NTU -effectiveness method (see Bergman & Incropera, 2011) to
predict the HEX performance over time. They quantified the attractiveness of antifouling
coatings to mitigate fouling using a techno-economic analysis of the optimal operating
performance of an individual HEX and compared this with the cost of installation of a
coated unit. The upper price that can be charged for a coating is set by its ability to
reduce deposition and enhance cleaning, while the lower limit is set by manufacturing
costs. Identifying this price range, wherein value is created for the vendor and purchaser,
should ideally be performed early in the decision process as it helps to set targets for the
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coating performance as well as manufacturing cost.

Changes in processing conditions and the conditions at the heat transfer interface influence
the local fouling rate and cause predictions from lumped models to be inaccurate. These
deviations occur due to the nature of ‘phenomenological fouling models’ which resemble
fouling kinetics for specific conditions. While Gomes da Cruz et al. (2015) used a lumped
model to calculate the heat duty over time, others like Fryer and Slater (1985) modelled
HEXs subject to fouling with distributed models. This has practical implications since the
local fouling rates may then be predicted by a ‘mechanistic or pseudo-mechanistic fouling
model’, sensitive to processing and interface conditions. Parameters of models describing
the fouling kinetics have to be set. This requires fouling experiments employing operating
conditions likely to be expected in industrial HEXs.

2.4 Research techniques

2.4.1 Surface characterisation

Surface topography and roughness

It is well-known that surface roughness increases heat transfer by (i) enlarging the surface
area relative to the smooth wall and by (ii) increasing turbulence in the thermal boundary
layer (Albert et al., 2011). In fouling, the surface topography and roughness play a role,
by (i) determining the area available for interaction; (ii) controlling the interaction such
as by the lotus leaf effect, where small, regular features modify the effective contact
angle (Barthlott & Ehler, 1977); and (iii) affecting the nature of the soiling layer, via
the potential to promote nucleation (e.g. for crystallisation, see Junghahn (1964); or
condensation, see Zamuruyev et al. (2014)), and mechanical interlocking.

In the initial stages of fouling, the length-scales of depositing particles (e.g. proteins, cal-
cium phosphate crystals) determine the relevant length-scales of surface features. Particles
can be trapped in crevices and cracks or move to matching surface features which provide
larger intimate contact area than the equivalent flat surface (Oliveira, 1997; Zouaghi et al.,
2018). Conversely, when the length-scale of roughness features becomes smaller than the
particle diameter, a smaller number of contact points can potentially reduce the strength
of adhesion (Visser, 1988). At later stages of fouling, when individual particles devel-
oped a network by physical and chemical interactions, it may be expected that roughness
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length-scales comparable to the overall fouling layer thickness also become important for
adhesion.

Methods of measuring surface topography are summarised in the ISO 25178 (2016) stan-
dard. Generally it is distinguished between tactile measurements (e.g. profilometer,
atomic force microscopy) and optical measurements (e.g. coherence scanning interferom-
etry, confocal microscopy).

Industrial norms, such as the ISO 25178, define equations which convert two- or three-
dimensional topography data into single valued roughness parameters. Most notably the
arithmetic mean roughness, Sa, is defined as the arithmetic mean of the absolute surface
height deviations from the mean plane. Similarly, the root mean square roughness, Sq,
is defined as the quadratic mean of the absolute surface height deviations from the mean
plane. The length or area over which this parameter is calculated acts as a short-pass
filter (Howell & Behrends, 2006).

Surface free energy and its significance

The scientific principles underpinning adhesion and cohesive interactions are well estab-
lished. In an aqueous environment the forces between a substrate and an adhering species
are determined by contributions from electrostatic, Van der Waals, and solvation forces
(Israelachvili, 2011). One approach which has been applied successfully in many situa-
tions is the extended Derjaguin, Landau, Verwey and Overbeek (XDLVO) theory (van
Oss, 2003). This theory superimposes energies of interaction from Van der Waals, Lewis
acid-base, and electric double layer forces.

The electric double layer repulsion of particles arises from the osmotic pressure of coun-
terions attracted by surface charges (Israelachvili, 2011). It decays spatially with the
characteristic Debye length, which is solely a property of the solution and decreases with
increasing ionic strength. The ionic strength of milk is 80 mM (Walstra, Wouters, &
Geurts, 2005), which gives a Debye length of 1 nm, i.e. the electric potential reduces to
1/e ≈ 37 % within the first nanometre (van Oss, 2003). This renders effects from osmotic
pressure negligible compared to the other two forces within the XDLVO framework. Aus-
piciously, Van der Waals and Lewis acid-base interactions can be considered collectively
in some theories describing surface energy.

The surface tension of a liquid or the surface free energy of a solid (termed surface energy,
γ, hereafter) is classically treated as the sum of apolar and polar forces, i.e. γ = γLW+γAB

(van Oss, Chaudhury, & Good, 1987). Here, γLW is the Lifshitz-van der Waals forces,
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i.e. the sum of the electrodynamic London, Keesom, and Debye forces which decay
with distance at the same rate and generally obey the same combining rules. The polar
hydrogen bonding forces are either lumped in a single parameter as in the pioneering
work of Fowkes (1962) and Owens and Wendt (1969), or are split into acidic, γ+ (electron
acceptor), and basic, γ− (electron donor), contributions according to van Oss et al. (1987)
to yield

γ = γLW + 2
√
γ+γ− . (2.1)

Interfacial energies obey the geometric mean ‘combination rules’ described by Fowkes
(1963). For cases where both apolar and polar interactions operate across an interface
between material 1 and 2 van Oss et al. (1987) showed that the interfacial energy at
molecular contact is given by
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Here, γi is the surface energy between substance i and vacuum: the subscript for vacuum
is omitted here for convenience, as in many texts. Moreover, γi,air ≈ γi. The interfacial
free energy of interaction in an immersed system is estimated from the difference in total
interfacial energy when adsorbing species 1 contacts a substrate 2 in medium 3. Note that
in the literature, subscript 2 sometimes refers to the surrounding medium. As outlined
by van Oss et al. (1987), following arguments of Dupré (1869), the interfacial free energy
of interaction is given by

∆GIF
123 = γ12 − γ13 − γ23 , (2.3)

where γ12, γ13 and γ23 are the interfacial energies between respective materials at contact,
i.e. minimum equilibrium distance. Figure 2.5a illustrates the process for a polymer
strand adsorbing to a surface in water. The adsorbing strand displaces the interstitial
medium, i.e. it replaces the particle-water and surface-water interfaces with a particle-
surface interface. Aggregation and dissolution of like particles, as shown in Figure 2.5b,
can be understood as a similar process (van Oss & Good, 1992). Type A milk fouling
deposit generated below 100 ◦C is mainly a product of aggregated protein which forms a
porous matrix with a large water content (Bansal & Chen, 2006; Hagsten et al., 2016).
Besides chemical bonds, the physical interactions within the wet protein matrix contribute
to the cohesion of the material. Therefore, the interfacial free energy of interaction of
protein chains within this matrix provides an important contribution to cohesion.
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Figure 2.5: Schematic of a particle (here, a polymer strand) (a) adsorbing to a surface
and (b) aggregating with a second particle of identical nature. The interfacial free
energies of interaction associated with these processes are presented in the centres of
the schematics. The relevant interfaces are highlighted with red lines. The subscripts
denote: 1 – particle; 2 – surface; 3 – water.

By combining Equations 2.2 and 2.3 it can be shown that

∆G123 = ∆GLW
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∆GIF
123 can be positive or negative depending on the materials involved. If medium 3 is

aqueous and ∆GIF
123 < 0, species 1 and substrate 2 exhibit a hydrophobic attraction and,

conversely, hydrophilic repulsion if ∆GIF
123 > 0. ∆GIF

123 = 0 represents the special case of
no net interaction. Note that even in a system of apolar materials net repulsion between
species 1 and substrate 2 is possible if γLW1 > γLW3 > γLW2 or γLW1 < γLW3 < γLW2 .

The Lifshitz-van der Waals contribution to the interfacial free energy of interaction of a
sphere (e.g. a milk fat globule (MFG)) with diameter D and a flat plate (e.g. a heat
transfer surface) decays with their separation distance, l, as

∆GLW
123(l) = πl20D∆GLW

123(l0)
l

, (2.6)

where l0 is the minimum equilibrium distance of two condensed-phase surfaces (l0 =
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0.157± 0.001 nm at 20 ◦C, van Oss, 2003). In water, Lewis acid-base forces decay as

∆GAB
123(l) = πDλ∆GAB

123(l0) exp ((l0 − l)/λ) , (2.7)

where λ is the characteristic decay length of water (λ = 1.0 nm at 20 ◦C, van Oss, 2003).
Since Lifshitz-van der Waals forces decay more gradually with distance than Lewis acid-
base forces, there can be an energy barrier and a secondary minimum in the free energies of
interaction over distance (van Oss, 2003). Given knowledge of surface energy parameters
and assuming a simple ternary system, the above model gives an estimate of the tendency
of a particle in milk to adhere to the pasteuriser heat transfer surface.

The surface energy of solids is commonly determined by measuring the contact angles of
liquid drops with known surface tension. Equations 2.1 and 2.3 are substituted into the
force equilibrium of Young (1805),

γ1 cos β = γ2 − γ12 , (2.8)

where β is the contact angle between a liquid 1 on a surface 2, giving

(1 + cos β) γ1 = 2
(√

γLW1 γLW2 +
√
γ−1 γ

+
2 +

√
γ+

1 γ
−
2

)
. (2.9)

As stated by van Oss (2003), the three unknown components of the solid’s surface en-
ergy are found by measuring contact angles of three test liquids with known parameters
(γLW,γ+ and γ− ), e.g. one apolar and two polar liquids, of which one must be water.
Note that the condition γ1 > γ2 must be satisfied to obtain a finite, measurable contact
angle. Because γ+ and γ− always appear as products in all model equations, their ab-
solute values are beyond direct experimental accessibility by the contact angle method.
By convention, the electron donor and acceptor contributions of water are taken to be of
equal magnitude.

2.4.2 Test rigs to study fouling

This section provides a brief overview of typical designs and characteristics of experimental
apparatuses used to study fouling. Chenoweth (1988) gave a comprehensive review on
liquid fouling research units and operating schemes.

The simplest configuration for studying the fouling performance of different surfaces is the
‘hot or cold finger’, where a heated or cooled rod is immersed in a temperature controlled,
stirred tank containing liquid prone to fouling. Fouling fingers have been used to simulate
deposit formation from crude oil on cold pipeline walls (e.g. dos Santos et al., 2004) and
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hot heat transfer surfaces (Eaton, 1983). This technique was used by Boxler et al. (2013b),
to study the deposition behaviour of whey protein, calcium phosphate and a combination
of the two on common SS and enhanced diamond-like carbon surfaces.

However, the flow conditions and temperatures near the heat transfer surface can only be
estimated, limiting the technique’s applicability to parameterise fouling models. Hence,
an apparatus with more readily controllable flow conditions is favourable in these cases.
This can be a achieved by moving the hot or cold heat transfer-surface at a controlled
speed rather than moving the liquid. The ‘spinning disc apparatus’, developed by Nigo
et al. (2009) within the P4G research group, uses this principle and features a liquid
cooled, rotating vertical cylinder, which is immersed in a warm test solution. The cir-
cular test surface is at the bottom of the cylinder and the adjacent solution features a
uniform heat transfer coefficient. The shear stress acting on the deposit and its surface
temperature were estimated with computational fluid dynamics and the calculated heat
transfer coefficients laid within the margins of experimental error. Since all heating and
cooling is supplied by liquid media, the supplies could be exchanged to obtain a heated
spinning disk.

The axisymmetric laminar flow fields employed in the above devices are not comparable
with those used in many industrial HEXs, where the flow is turbulent. Bench-scale HEXs,
which effectively simulate the conditions in a part of a full-scale unit, are more suitable.
These are typically designed to provide easy access to surfaces and generated fouling
deposits, for inspection and material analysis. Down-scaled plate HEXs often feature
a simplified externally heated rectangular flow channel (e.g. Förster & Bohnet, 2000;
Pääkkönen et al., 2015). Fouling in tubes and annuli is often studied with sections of
electrically heated pipe (e.g. Macchietto et al., 2011). To enhance heat transfer, full-scale
exchangers may have geometries generating turbulence (e.g. corrugated plates, fins, fluted
pipes, inclined baffles). To study mechanisms of fouling and cleaning, bench-scale HEXs
are simplified as a compromise between a realistic representation and predictable, uniform
flow. They do allow studies with well defined shear stress and temperature, which are
typically not well defined in industrial units.

Studying fouling at turbulent flow conditions necessitates high flow rates and large liq-
uid volumes. Laboratory equipment is therefore often designed to recirculate the fouling
stream (Boxler et al., 2013c; Kananeh et al., 2010; Rungraeng et al., 2012), with the dis-
advantage that its properties and composition change with proceeding thermal treatment
and deposition.

Experimental apparatuses typically operate with either constant temperature driving
force (e.g. Barish & Goddard, 2013; Britten et al., 1988) or constant heat flux (e.g. Boxler
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et al., 2013b; Kananeh et al., 2010; Rungraeng et al., 2012). Apparatuses operating at
constant temperature driving force experience a decrease in heat flux over time because
fouling adds a thermal resistance. The temperature at the deposit-solution interface then
reduces concomitantly. Operation at constant heat flux allows to keep this tempera-
ture constant if the thermal boundary layer is unaffected by the presence of the deposit
and the properties and distribution of the deposit are uniform. As fouling proceeds, the
temperature within the deposit rises, which accelerates ageing.

2.4.3 Fouling deposit analysis

Besides interpretation of the on-line data from the fouling experimental apparatus, various
techniques qualify for subsequent analysis of deposit amount, composition or structure.
This introduction gives an overview but is not intended to be exhaustive.

The simplest way to determine the mass of collected deposit is by weighing the clean and
fouled heat exchanger surface or sample in the wet or consistently dried state. This is
non-destructive and common practice in research. Depending on the amount of deposit,
its thickness can be determined by simple traditional methods or by more advanced
techniques e.g. confocal thickness scanning (CTS). Some of the the surface metrology
techniques discussed in Section 2.4.1 are applicable to dry deposits. Soft and wet layers
are suitable for analysis with fluid dynamic gauging, which can also give information
about deposit elasticity, cohesion and cleanability (Tuladhar et al., 2002a).

The average elemental composition of a fouling layer may be obtained with spectroscopy
techniques such as inductively coupled plasma optical emission spectroscopy (ICP-OES)
(Boxler et al., 2013c; Hagsten et al., 2016). The protein fraction can be measured with the
Kjeldahl method (Foster et al., 1989) or by protein assays, such as the one developed by
Bradford (Belmar-Beiny et al., 1993). A simple way of determining the mineral fraction
is by ashing in an oven or by thermogravimetric analysis at temperatures above 450 ◦C
(Boxler et al., 2013c; Lalande et al., 1984).

The micro- and nano-structure of fouling deposits is often imaged with scanning electron
microscopy (e.g. by Foster & Green, 1990; Hagsten et al., 2016; Rosmaninho & Melo,
2008). Electron backscatter diffraction can further provide information about local prop-
erties of crystalline deposits (Besevic et al., 2017). Elemental and chemical information
can be obtained by X-ray photoelectron spectroscopy (Premathilaka et al., 2007). Confo-
cal laser scanning microscopy (CLSM) in conjunction with histology techniques originally
developed to image biological samples has been successfully applied to study the structure
and local composition of foodstuffs and fouling layers (Auty et al., 2001; Hagsten et al.,
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2016). The transparency of thin wet milk fouling deposits would potentially allow in situ
imaging with CLSM.

2.4.4 Summary of the state of the art

Antifouling coatings for mitigating fouling of milk-related products have been studied
since the first paper on this topic in 1968 by Gordon et al. Interest in this approach
has grown substantially over the last decade. 41 sets of fouling experiments using coated
heat transfer surfaces were identified in the literature, of which 26 used simple milk
model formulations which do not necessarily represent the complexity of real milk. The
reported data on antifouling performance gives a mixed picture and does not allow simple
conclusions. The key mechanisms of milk fouling on steels were identified, but it remains
largely unknown how events of milk fouling are affected by varying types of surfaces –
which may in turn have resulted in the broad spectrum of reported performances. It
is therefore necessary to develop tools to study the effect of surfaces on structure and
composition of fouling layers generated in conditions relevant to industrial practice. The
main challenge in understanding milk fouling is the complexity of the problem, which
necessitates fusing insights from a broad spectrum of physics, chemistry, biology and
engineering.

Although some coatings have proven to be successful over several fouling-cleaning-cycles
on the laboratory scale, to the author’s knowledge there are currently no coated HEXs
for milk heat treatment in industrial use. There is thus an implementation gap due to
the risks associated with the scale-up from laboratory to plant-scale. In order to bridge
this gap, further work is needed to demonstrate efficacy of coatings on the pilot-scale.

The economics of antifouling coatings is a topic which recently received attention from
researchers following the pioneering paper by Gomes da Cruz et al. in 2015. In their work
they assumed a linearly increasing fouling resistance over time, which is rarely found in
practice due to autoretardation effects at later stages of fouling. Their approach was
based on the analysis of falling rate processes by Ma and Epstein (1981), but lacks a
graphical or analytical solution and relies on numerical analysis to solve the underlying
optimisation problem. An analytical analysis would provide further insight by revealing
the sensitivity of the solution to key performance and operating variables. This project
aims to combine experimental fouling data with techno-economic models to study the
applicability of FP coatings in an industrial setting.
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Chapter 3

Techno-economics of antifouling coat-
ings in heat exchangers

3.1 Introduction

Two approaches have been developed to enable researchers and practitioners to evaluate
the benefits arising from the use of antifouling coatings. To quantify the margin available
for coating solutions, energy, cleaning and investment costs as well as sector-specific cri-
teria are incorporated. Related sustainability considerations, such as thermal losses due
to fouling resistances and cleaning operations, can be studied with these methods as well.
Individual HEXs are considered, rather than units in a network.

The first approach, referred to as the ‘lumped model’, combines the NTU -Method (see
Bergman & Incropera, 2011) and an asymptotic fouling model with a finite induction
period in a novel way to find an explicit expression for the optimal operating strategy in
a fouling-cleaning cycle.

The second model, named the ‘dynamic model’, is more advanced and solves the enthalpy
balances of the cold and hot stream along the exchanger and over time. Together with a
fouling model sensitive to operating and surface conditions, it predicts the heat duty and
local fouling dynamics.

3.2 Lumped model

3.2.1 Phenomenological fouling models

Fouling can be quantified by the reduction of the overall heat transfer coefficient, U , of a
HEX over time, t′, due to an additional overall fouling resistance, Rf, viz.

1
U(t′) = 1

Ucl
+Rf (t′) , (3.1)
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where Ucl is the value after cleaning (where all the fouling deposit has been removed).
Differences in dynamics of mass deposition and removal can result in the evolutions of Rf

which are depicted in Figure 3.1 (Bott, 1995, 2001). There may be an induction period
with negligible deposition, tind, in which initiation mechanisms of fouling take place.
These are type-specific, e.g. crystal nucleation in crystallisation fouling or adsorption of
organic molecules in biofouling (Epstein, 1983; Jain & Bhosle, 2009). During this early
period, heat transfer can be slightly enhanced due to increases in surface roughness giving
a larger film heat transfer coefficient and surface area.

t′

Rf (t′) (a) (b)

(c) (d)

tind0

Figure 3.1: Idealised evolutions of fouling resistance over time as summarised by Bott
(1995, 2001). (a) linear, (b) falling rate, (c) asymptotic, and (d) sigmoidal fouling,
approaching asymptote in (c). Dashed lines indicate asymptotes.

A steady increase in fouling resistance ((a) in Figure 3.1) is frequently reported for crys-
tallisation fouling (Bansal, Chen, & Müller-Steinhagen, 2008). Gomes da Cruz et al.
(2015) assumed this simple fouling behaviour for their economic analysis, i.e. where the
overall fouling resistance, Rf , increased linearly with time at constant fouling rate, rf,
viz.

Rf = rf t
′ . (3.2)

In practice, linear Rf − t′ behaviour, as described by Eq. 3.2, is often not observed as
(i) there may be an induction period and (ii) autoretardation effects can reduce the rate
of fouling at later stages owing to changes in surface temperature and deposit strength
etc. This leads to falling rate or even asymptotic fouling ((b) and (c) in Figure 3.1).
It is possible that, given constant operating conditions and sufficient processing time, a
trend formerly identified as falling rate fouling finally develops to be similar to asymptotic
fouling, wherein Rf approaches a limit at long times (Bott, 1995). This is often described
by the Kern-Seaton model (Kern & Seaton, 1959),

Rf =
 0, t′ < tind

R∞f
(
1− exp

(
tind−t′
tf

))
, t′ ≥ tind

. (3.3)
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Here, tf is the characteristic timescale (the kinetic parameter), and R∞f is the asymptotic
fouling resistance. The latter parameter is frequently employed in overdesigning HEXs
subject to fouling, even though this approach tends to promote fouling in a ‘self-fulfilling
prophecy’ (Hays, 1989). Curve (d) in Figure 3.1 illustrates a case typical for biofoul-
ing where three stages of result in a sigmoidal evolution of fouling resistance (Dürr &
Thomason, 2010).

This list of behaviours is not exhaustive and there may be effects that lead to more
complex dynamics such as ageing or sloughing of deposit (Epstein, 1983). In real mea-
surements of Rf a considerable amount of fluctuation is to be expected from the fouling
dynamics, process variables, and measuring chain.

The following sections develop the ‘value pricing’ concept for HEXs subject to asymptotic
fouling, extending the numerical analysis of Gomes da Cruz et al. (2015) to one type of
fouling behaviour which is of direct relevance to industrial practice. Criteria determining
when an exchanger should be cleaned are identified. One case of equal heat capacity flow
rates is identified, where an explicit result can be obtained which does not require tedious
calculation. The ‘value pricing’ concept is illustrated with a case study based on data
reported by Oldani et al. (2013), comparing water crystallisation fouling on stainless steel
tubes and ones with a perfluoropolyether (PFPE) coating.

3.2.2 Objective functions for preheater operations subject to
fouling

To assess the attractiveness of an antifouling coating, the benefit of its application has to
be found in comparison against a reference material – typically SS in food applications
– by evaluation of an objective function. The objective function quantifies the HEX
performance during a fouling-cleaning cycle. The optimal operating period (i.e. the
time until the unit should be cleaned) is unknown but can be found by maximising or
minimising the objective function as long as no other operational constraints apply (e.g.
hygiene constraints, working shifts, or mechanical integrity checks).

Depending on whether the motivation for optimising the fouling-cleaning cycle is aimed at
(a) maximising the time-averaged heat duty, qm, (see Ma & Epstein, 1981), (b) minimising
the time-averaged operating cost, φop, (see Casado, 1990; Gomes da Cruz et al., 2015;
Ishiyama et al., 2014), or (c) minimising the operating cost per unit of heat transferred,
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φQ, (see Ma & Epstein, 1981), the objective function to be optimised is calculated thus:

Time averaged heat duty: qm(t) =
∫ t

0q(t′) dt′
t+ τ

(3.4a)

Time averaged operating cost: φop(t) = cE[
∫ t

0 qcl − q(t′) dt′ + qclτ ] + Ccl

t+ τ
(3.4b)

Operating cost per unit
of heat transferred:

φQ(t) = φop(t)
qm(t) = cEqcl(t+ τ) + Ccl∫ t

0 q(t′) dt′
− cE (3.4c)

Here, cE is the cost per unit of heat not transferred due to fouling. Inspection of Eq. 3.4a,b
and c shows there will be an optimal processing period, topt, if dqm/dt = 0, dφop/dt = 0,
or dφQ/dt = 0, which requires

qm(topt) = q(topt) (3.5a)
φop(topt) = cE(qcl − q(topt)) (3.5b)

φQ(topt) = cE

(
qcl

q(topt)
− 1

)
. (3.5c)

Furthermore, the condition for a minimum in qm, φop, and φQ to exist requires the heat
duty to decline continuously: dq/dt < 0. If an optimal processing period exists, it will
therefore always exceed the induction period. For asymptotic fouling there are two other
results of practical interest:

(i) Where topt is large (i.e. long operating periods), such that topt � tf, asymptotic
fouling behaviour results in dq/dt ≈ 0 and there is little benefit in cleaning the
exchanger: it should be left to operate in its fouled state, or until another criterion
applies.

(ii) If fouling is very fast, such that R∞f is reached quickly, the unit is best left to operate
in its fouled state. Fouling mitigation should be given stronger consideration.

Only under these conditions should the unit be designed with a Ucl value including R∞f ,
which is the basis of the TEMA (1999) approach.

3.2.3 Impact of asymptotic fouling in a simple heat exchanger

The instantaneous heat duty of a HEX, q(t′), is calculated using the NTU -effectiveness
method (Bergman & Incropera, 2011). Ishiyama et al. (2014) analysed the problem for
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linear fouling. For asymptotic fouling, Equations 3.1 and 3.3 are combined to give the
overall heat transfer coefficient, U , viz.

U = 1/R∞f
1/(UclR∞f ) + 1− exp

(
tind−t′
tf

) = a1

a2 + 1− exp
(
− t∗

tf

) . (3.6)

Here, a1 = 1/R∞f , a2 = 1/(UclR
∞
f ) and t∗ = t′ − tind, for brevity. a2 is the reciprocal of

an asymptotic fouling Biot number Bi∞f = UclR
∞
f . The number of heat transfer units of

the HEX, NTU , is given by

NTU = UA

Wmin
= a1A

Wmin
(
a2 + 1− exp

(
− t∗

tf

)) , (3.7)

where A is the heat transfer area, and W = ṁcp is a stream heat capacity flow rate.
Wmin is the smaller heat capacity flow rate of the two streams entering the exchanger.
Solutions of the objective functions Eq. 3.4a,b, or c subject to U given by Equation
3.6 and HEX performance relationships such as the NTU -effectiveness approach usually
require numerical calculation. This is illustrated here by considering one of the simplest
practical cases, that of the counter-current HEX with equal heat capacity flow rates
(Wmin = Wmax = W ). Examples where Wmin = Wmax arise include preheaters (where an
outlet stream is used to preheat or precool itself as an inlet stream) e.g. the regenerative
section of dairy plate HEXs. The effectiveness, ε, is given by the simple relationship

ε = NTU

1 +NTU
= a1A

a1A+W
(
a2 + 1− exp

(
− t∗

tf

)) . (3.8)

ε is the ratio of the actual rate of heat transfer, q, to the thermodynamically maximum
possible duty, qmax = W∆Tmax, where ∆Tmax is the maximum heat transfer driving force.
With this, the heat duty is

q = εqmax = a1A

a1A+W
(
a2 + 1− exp

(
− t∗

tf

))W∆Tmax . (3.9)

This can be rewritten as
q = a3

a4 − exp
(
− t∗

tf

) . (3.10)

It follows from combining Eq. 3.7 − 3.10 that

a3 = a1A∆Tmax = A∆Tmax

R∞f
= qcl

1 +NTUcl

UclR∞f
= qcl

1 +NTUcl

Bi∞f
, (3.11)

a4 = a2 + a1A

W
+ 1 = 1

UclR∞f
+ A

WR∞f
+ 1 = 1 +NTUcl +Bi∞f

Bi∞f
, (3.12)
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where NTUcl is the number of transfer units of the clean unit. The clean heat duty at
t∗ = 0, i.e. t′ = tind, is equal to qcl = a3/(a4 − 1), whereas the heat duty after a long
period of operation, i.e. t′ →∞, is q = a3/a4. Integrating Eq. 3.10 yields∫ t

0
q(t′) dt′ =

∫ tind

0
qcl dt′ +

∫ t

tind
q(t′) dt′ (3.13)

= qcltind + a3

a4
tf ln

(
1− a4 exp ((t− tind)/tf)

1− a4

)
. (3.14)

This is substituted into the objective functions, Eq. 3.4a,b, and c. Substituting Eq. 3.10
into the objective functions, Eq. 3.4a,b, and c, and integrating yields

qm(t) =
qcltind + a3

a4
tf ln

(
1−a4 exp((t−tind)/tf)

1−a4

)
t+ τ

, (3.15a)

φop(t) =
cE
[
qcl(t− tind + τ)− a3

a4
tf ln

(
1−a4 exp((t−tind)/tf)

1−a4

)]
+ Ccl

t+ τ
, (3.15b)

φQ(t) = cEqcl(t+ τ) + Ccl

qcltind + a3
a4
tf ln

(
1−a4 exp((t−tind)/tf)

1−a4

) − cE . (3.15c)

If the unit is never cleaned (i.e. t→∞), the time-averaged heat duty will approach the
instantaneous heat duty asymptotically

lim
t→∞

qm(t) = lim
t→∞

q(t) = qcl
1 +NTUcl

1 +NTUcl +Bi∞f
, (3.16)

the operating cost per time will approach the thermal cost penalty asymptotically

lim
t→∞

φop = lim
t→∞

cE(qcl − q(t)) = cEqcl
Bi∞f

1 +NTUcl +Bi∞f
, (3.17)

and the operating cost per heat transferred will approach the thermal cost penalty per
heat transferred asymptotically

lim
t→∞

φQ(t) = lim
t→∞

cE

(
qcl
q(t) − 1

)
= cE

Bi∞f
1 +NTUcl

. (3.18)

These equations show that a large exchanger (NTUcl large) is generally less sensitive to
fouling if 1 +NTUcl � Bi∞f . This is illustrated in Figure 3.2 where the above equations
are plotted in a non-dimensionalised fashion. With increasing HEX size (i.e. larger
NTUcl) the time averaged heat duty monotonically increases for all asymptotic fouling
Biot numbers in Figure 3.2a. Conversely, the cost functions in Figure 3.2a and c decrease.
Unfortunately, a larger HEX is often a poor solution to a fouling problem because there
are more sites for deposition and a larger pressure drop associated with the additional
area. If the fouling is more extensive, the pressure drop penalty might require operation
being interrupted to restore the hydraulic performance.
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Figure 3.2: Non-dimensionalised objective functions if a HEX is never cleaned (i.e.
t → ∞) assuming asymptotic fouling, counter-current flow, and equal heat capacity
flow rates. Loci plotted for 0.25 ≤ Bi∞f ≤ 4.

For an optimal processing period to exist, i.e. qm,max, φop,min or φQ,min, Eq. 3.5a,b or c
has to hold. This can be solved numerically for topt. In engineering applications, however,
such as scheduling cleaning or as an instrument to quantify the financial attractiveness of
HEX coatings, a simplified approach is desirable. This is considered in the next section
where a tractable explicit solution is presented.

3.2.4 Explicit solutions for cases of counter-current flow and
equal heat capacity flow rates

Linear fouling

Ishiyama et al. (2014) obtained an implicit solution for the minimum time averaged oper-
ating cost (Equation 3.4b) for the case of linear fouling (Equation 3.2) in a counter-current
HEX with equal heat capacity flow rates. The following demonstrates the explicit solution
to maximise the time averaged heat duty, qm. This procedure also serves as an illustration
to solve fouling-scheduling problems for the case of asymptotic fouling with an induction
period. As in Section 3.2.3, the heat duty of a counter-current HEX with Wmin = Wmax

subject to linear fouling is found:

q(t′) = qcl
1 +NTUcl

1 +NTUcl + Uclrft′
. (3.19)

Note the similarity to the terminal heat duty in asymptotic fouling given by Equation
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3.16. Integrating yields ∫ t

0
q(t′) dt′ = qcl

1 +NTUcl

Uclrf
ln
(
qcl
q(t)

)
. (3.20)

Substituting Equation 3.19, 3.20 and 3.4a into the optimality criterion (Equation 3.5a)
yields

topt + τ

topt + χ1
= ln

(
topt
χ1

+ 1
)

(3.21)

χ1 = 1 +NTUcl

Uclrf
. (3.22)

Writing Equation 3.21 in the form Y = XeX allows one to solve explicitly for X using
the Lambert-W function discussed by Euler (1783): X = W(Y ). W(Y ) is multivalued
and it has a principal and lower branch shown in Figure 3.3. After some manipulation
the principal branch W0 yields the physically relevant solution to the problem, viz.

τ − χ1

topt + χ1
= ln

(
topt
χ1

+ 1
)
− 1 (3.23)

⇐⇒ τ − χ1

χ1
=
(

ln
(
topt
χ1

+ 1
)
− 1

)(
topt
χ1

+ 1
)

(3.24)

⇐⇒ τ − χ1

χ1e
=
(

ln
(
topt
χ1

+ 1
)
− 1

)
e

ln
(
topt
χ1

+1
)
−1 (3.25)

⇐⇒ topt = χ1

(
e

W0

(
τ−χ1
χ1e

)
+1
− 1

)
. (3.26)
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Figure 3.3: Lambert-W function for real valued arguments showing the principal and
lower branch, W0 ≥ −1 and W−1 ≤ −1, respectively (after Valluri et al., 2000).
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Optimising a preheating HEX or milk pasteurisation operation according to this paradigm
will result in optimal energy recovery from the hot stream. It should be noted that
energy consumption during cleaning is not captured here, but could be included if desired.
Explicit solutions to minimise the time averaged operating cost, φop, and the cost per
heat transferred, φQ, in case of linear fouling could not be obtained, but can be found
graphically (Ma & Epstein, 1981) or iteratively.

Asymptotic fouling with induction period

Employing the asymptotic fouling model in the NTU -effectiveness method (Equation
3.10) does not, to the author’s knowledge, yield explicit solutions for topt with any of
the optimality conditions (Equations 3.5a,b and c). This section describes an explicit
approximation, which can be computed without iteration. The heat duty from Equation
3.10 can be rewritten as

q = a3

a4 − exp (−t∗/tf)
+ a3

a4
− a3

a4
= a3

a4

(
exp (−t∗/tf)

a4 − exp (−t∗/tf)
+ 1

)
. (3.27)

If a4 � exp (−t∗/tf) ∀ t∗ ≥ tind, Equation 3.27 becomes

q ≈ qapprox = a3

a4

(
exp (−t∗/tf)
a4 − 1 + 1

)
. (3.28)

The approximate heat duty gives the exact result for t∗ = 0 and t∗ → ∞. The relative
approximation error at other instances of t∗ is calculated from

η = q − qapprox
q

= 1−
(

exp(−t∗/tf)
a4 − 1 + 1

)(
1− exp(−t∗/tf)

a4

)
. (3.29)

To find the maximum error, dη/dt∗ is set to zero. The maximum relative error for a
physically feasible time occurs at t∗η,max = tf ln(2). This corresponds to a maximum
relative error of

ηmax = η(t∗η,max) = − 1
4a4(a4 − 1) . (3.30)

It should be noted that the relative error is negative, since a4 > 1. If the relative error
is constrained to lie with ηmax > ηcrit = −5 %, the minimum value of a4 is (ignoring the
physically infeasible negative solution for a4) given by

a4 = 1
Bi∞f

(1 +NTUcl +Bi∞f ) > 1
2 +

√
1
4 −

1
4ηcrit

≈ 2.8 . (3.31)
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This condition holds for many HEXs in practice, where the flow is counter-current, since
the number of heat transfer units of a thermally well-designed HEX is greater than 3
(Bergman & Incropera, 2011). Integrating the approximate heat duty yields∫ t

0
qapprox(t′) dt′ =

∫ tind

0
qcl dt′ +

∫ t

tind
qapprox(t′) dt′ (3.32)

= qcltind + a3

a4

[
tf

a4 − 1

(
1− exp

(
−t− tind

tf

))
+ t− tind

]
. (3.33)

Note that this approximation does not have a nested exponential function in a logarithm
whereas the exact result, Equation 3.14, does. Combining Equations 3.28 and 3.33,
the objective functions (Equations 3.4a,b and c) and respective optimality conditions
(Equations 3.5a,b and c), yields the optimal processing periods of the three objective
functions. Some algebraic transformations, analogous to the ones illustrated for linear
fouling and utilising the negative branch of the Lambert-W function, give the approximate
optimal processing periods presented on the right half of Table 3.1. The positive branch
of the Lambert-W function would give negative processing periods – which are physically
infeasible.

Criteria can be found by inspection of the three solutions indicating under which con-
ditions there is no optimum, i.e. it is not attractive to clean the unit. Depending on
whether the unit is optimised for maximum heat duty, minimum time averaged operating
cost or minimum operating cost per heat transferred, parameter χ2, χ3, or χ4 is calcu-
lated (see Table 3.1). If no other constraints apply, e.g. hygiene considerations in food
processing or scheduled mechanical integrity checks, it is attractive to leave the exchanger
in its fouled state if one applicable of the following conditions holds:

χ2, χ3 or χ4 < 0 . (3.34)

By comparing the solutions and acknowledging that all parameters in the objective func-
tions are positive valued it is also apparent that

topt(qm) < topt(φQ) < topt(φop) . (3.35)

If the cost to clean a fouled HEX is greater than zero (which is generally the case) it is
always financially more attractive to clean a unit later than optimal in terms of a con-
sideration based purely on thermal arguments. Note that in this simplified methodology
(which e.g. does not account for environmental damage due to cleaning chemicals) there
is an inherent conflict between environmental and financial motivations, although the
disparity depends on how costly cleaning is compared to the cost of energy.

Given a counter-current HEX with identical, constant heat capacity flow rates, static inlet
temperatures, fouling data being available, and a4 > 2.8, application of the approximate
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method is straightforward. If χ2, χ3, or χ4 < 0, there is no resultant energy or cost
benefit of cleaning and the exchanger should be allowed to operate in the fouled state.
In this case, the terminal value of the objective function can be calculated with Equation
3.16, 3.17 or 3.18. Otherwise, the respective Equation in Table 3.1 is used to schedule
cleaning. The approximate optimal time averaged heat duty, operating cost, or operating
cost per heat transferred is then calculated by inserting the approximate solution for the
optimal processing period, topt,approx, in Equation 3.15a,b or c. This methodology enables
researchers and practitioners to estimate the economic value of antifouling coatings in
HEXs without employing involved numerical techniques such as those described in Gomes
da Cruz et al. (2015).



Table 3.1: Explicit solutions to the cleaning scheduling problem of a single counter-current HEX with equal heat capacity flow
rates for different fouling behaviours and objective functions. ‘–’ indicates no explicit solution found.

Linear Asymptotic

Objective
function

Condition
for topt

Rf = rft
′ Rf =

0 t′ < tind

R∞f
(
1− exp

(
tind−t′
tf

))
t′ ≥ tind

Heat duty,
Eq. 3.4a

qm = q

topt = χ1

[
exp

(
W0

(
τ − χ1

eχ1

)
+ 1

)
− 1

]

χ1 = 1 +NTUcl

Uclrf

topt ≈ −τ − tf [1 + W−1 (−χ2 exp(−(tind + τ)/tf − 1))]*

χ2 = 1 + tind
tf
− 1 +NTUcl

Bi∞f

τ

tf

Operating
cost, Eq. 3.4b

φop =
cE(qcl − q)

–
topt ≈ −τ − tf [1 + W−1 (−χ3 exp(−(tind + τ)/tf − 1))]*

χ3 = 1 + tind
tf
− 1 +NTUcl

Bi∞f

τ

tf
− Ccl

cEqcltf

(
1 + 1 +NTUcl

Bi∞f

)

Cost per heat
transferred,
Eq. 3.4c

φQ =

cE

(
qcl
q
− 1

) –
topt ≈ −τ −

Ccl

cEQcl
− tf

1 + W−1

−χ4 exp
−tind + τ + Ccl

cEQcl

tf
− 1

*

χ4 = 1 + tind
tf
− 1 +NTUcl

Bi∞f tf

(
τ + Ccl

cEqcl

)
*Error of heat duty approximation lies within 5 % if 1

Bi∞
f

(1 +NTU + Bi∞f ) > 2.8. If no other constraints apply, e.g. hygiene considerations in food processing or
scheduled mechanical integrity checks, it is not attractive to clean the exchanger (i.e. the objective functions have no optimum) if χ2, χ3 or χ4 < 0.
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3.2.5 Illustrative case study: evaluating the water scaling per-
formance of a PFPE coating

A case study, based on data taken from the literature, is used to illustrate the quantifying
of the financial benefit of antifouling coatings. Oldani et al. (2013) reported the perfor-
mances of a SS and a PFPE coated SS single-pass counter-current shell-and-tube unit
with constant flow rates and approach temperatures. The process and utility streams
were both aqueous, and the unit was subject to crystallisation fouling. The Rf –t′ data
sets in Figure 3.4 were interpreted to exhibit asymptotic fouling behaviour and were fitted
by the least-squares method to Equation 3.3. Data were only collected from the 60th day
onward. The model parameters are reported in Table 3.2.
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Figure 3.4: Fouling resistance-time data for uncoated (SS) and coated (PFPE) HEX
reported by Oldani et al. (2013). Loci show the fit of the Kern–Seaton model (Equation
(3)) to the data, with parameters given in Table 3.2. Grey areas show simultaneous
95 % confidence bounds. R2 for the coated and uncoated fits were 0.319 and 0.378,
respectively.

In this case the PFPE coating reduced the rate of fouling and magnitude of the asymptotic
fouling resistance. The characteristic fouling time scale remained similar. No induction
period was observed for either surface.

The design and operating parameters of the exchangers considered in this study are
summarised in Table 3.2.
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Table 3.2: Lumped model case study parameters.

Design
A Heat transfer surface area1 500 m2

rh Tube internal radius1 3 mm
rc Tube external radius1 5 mm

Thermal properties
cp Cold and hot stream heat capacity 4180 J kg−1 K−1

hh Tube side heat transfer coefficient2 800 W m−2 K−1

hc Shell side heat transfer coefficient2 500 W m−2 K−1

kss SS thermal conductivity2 16 W m−1 K−1

kcs CS thermal conductivity2 54 W m−1 K−1

Qcl Clean heat duty 2.29 MW

Fouling performance
tind Induction period1 0 d
tind,coat Induction period, coated unit1 0 d
R∞f Asymptotic fouling resistance1 6.70 m2 K kW−1

R∞f,coat Asymptotic fouling resistance, coated unit1 2.94 m2 K kW−1

tf Characteristic fouling timescale1 159.4 d
tf,coat Characteristic fouling timescale, coated unit1 156.4 d
τ Cleaning period, uncoated and coated unit2 4 d

Coating properties
δcoat Coating thickness2 10 µm
kcoat Coating thermal conductivity2 0.1 W m−1 K−1

Operation
ṁc, ṁh Cold and hot stream mass flow 30 kg s−1

Tc,in Cold stream inlet temperature1 20 ◦C
Th,in Hot stream inlet temperature1 50 ◦C

Costs
cE Cost per unit heat2 5.7 US$ GJ−1

Ccl Cleaning cost2 4200 US$
tlf Asset lifetime (depreciation)2 10 year

1data taken from Oldani et al. (2013)
2data taken from Gomes da Cruz et al. (2015)
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The parameters resemble the conditions in the model HEXs of Oldani et al. (2013). Some
parameters were not reported, and these values were taken from the case study by Gomes
da Cruz et al. (2015), where the fouling behaviour was modelled as linear. The two major
differences between this work and the work of Gomes da Cruz et al. are: (i) the use
of an asymptotic fouling model, and (ii) identical heat capacity flow rates. The clean
heat duties are comparable. It should be noted that Oldani et al.’s experiments employed
bench scale units, and their results are assumed to apply at a larger scale. This is expected
to be valid if the processing conditions and conditions at the heat transfer interface are
comparable (Geddert et al., 2009). Processing conditions include the nature and source
of the foulant, additives, bulk temperature, flow velocity, and flow regime. The time to
clean, τ , is assumed to be independent of processing history. This assumption is expected
to be valid if the exchanger has to be disassembled for cleaning.

An uncoated SS unit and a coated unit are compared. In addition, because FPs coating
systems can provide good corrosion resistance, a coated carbon steel (CS) unit will be
considered. CS is generally cheaper and conducts heat better than SS: this could com-
pensate for the additional thermal conductivity associated with the coating (Gomes da
Cruz et al., 2015). The different conductivities of the wall material and the coating are
included in the evaluation of Ucl via (Bergman & Incropera, 2011):

Ucl = (1/hh + δcoat/kcoat + rh/kw log(rc/rh) + rh/(rchc))−1 . (3.36)

Here hh is the internal and hc the external film heat transfer coefficient, δcoat the coat-
ing thickness, and kcoat and kw are the coating and tube wall thermal conductivities,
respectively. The internal and external radii of the tube are rh and rc. For the uncoated
unit, δcoat is zero. To achieve the specified clean heat duty, the coated unit will require a
different heat transfer area, which is calculated from the definition of NTUcl, i.e.

Acoat = AUcl/Ucl,coat . (3.37)

3.2.6 Results and discussion

The effect of the operating period on the objective functions for the uncoated and coated
SS units are presented in Figure 3.5. The crosses mark the optimal operating periods
where Equations 3.5a-c apply. The optimal processing period of the uncoated unit, topt,
is reached after 40 d, 63 d or 59 d of processing, depending on whether cleaning scheduling
is optimised for maximum average heat duty, time averaged operating cost, or operating
cost per unit heat transferred. The approximate explicit solutions (see Table 3.1) are
shown as solid dots and are in good agreement with the exact solutions, despite the small
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a4 = 1.97 for the uncoated unit. It can be seen that the maximum in qm and minima in
φop and φQ are not symmetrical, so that the penalty for cleaning early is slightly larger
than that for cleaning later.
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Figure 3.5: Effect of processing period length on (a) time averaged heat duty, (b)
time averaged operating cost, and (c) operating cost per heat transferred for uncoated
(black) and coated (grey) stainless steel HEXs in lumped model case study. Crosses –
optimal processing periods; solid dots – approximate optimal processing periods.

The optimised schedules and optimal performance indices for the uncoated SS unit and the
coated SS and CS units are summarised in Table 3.3. Both of the coated exchangers have
a smaller clean heat transfer coefficient and require a larger heat transfer area. The higher
thermal conductivity of CS almost compensates for the heat transfer resistance introduced
by the coating. Regardless of the objective function used, the optimal operating periods of
the coated units are 53 % to 62 % longer than for the uncoated unit, which means cleaning
has to be done much less frequently. This is desirable, because cleaning of the HEX leads
to a reduction in product throughput, consumption, and disposal of chemicals and waste
product. Applying the coating improves the optimal time averaged heat duty by a mere
7 %, but the gap widens when the units are operated for longer. When optimising for
cost (i.e. φop and φQ), the cost objective functions reduce in a range from 32 % to 38 %,
indicating that the antifouling coating can give an appreciable financial benefit.

A holistic approach means that the capital cost has also to be considered. Excluding
the capital cost of the coating, the capital cost of the base unit, Cbase , is calculated
and expressed as an amortised cost, φbase, by assuming straight line depreciation over
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the unit (or coating) lifetime. The HEXs differ in base material, heat transfer area and
coating. According to Hewitt and Pugh (2007), a 500 m2 CS bonnet, one pass shell, fixed
tubesheet bonnet (BEM) type HEX (TEMA, 1999) cost approximately 80 £ m−2 in 1994.
Conversion into US$ and updating it with the chemical engineering plant index of 2017
yields an installed cost of 182 US$ m−2. A SS HEX with this area is roughly twice as
expensive.

Table 3.3: Comparison of optimal performance indices in lumped model case study
(parameters in Table 3.2). topt and topt,approx are calculated with Equation 3.4a-c using
the exact and approximate heat duty, respectively.

Uncoated Coated Coated Unit
SS HEX SS HEX CS HEX

Design
A 500.0 520.6 507.4 m2

Ucl 392.8 377.2 387.1 W m−2 K−1

a4 1.97 3.32 3.27 1

Optimised schedule for maximum qm

topt + τ 40 + 4 63 + 4 62 + 4 d
topt,approx + τ 52 + 4 70 + 4 70 + 4 d
topt,coat/topt – 1.57 1.55 1
qm,opt 1.87 2.0 2.0 MW
qm,coat,opt/qm,opt – 1.07 1.07 1

Optimised schedule for minimum φop

topt + τ 64 + 4 100 + 4 98+4 d
topt,approx + τ 77 + 4 107 + 4 106 + 4 d
topt,coat/topt – 1.56 1.53 1
φop,opt 285.1 191.3 193.8 US$ d−1

φop,coat,opt/φop,opt – 0.67 0.68 1

Optimised schedule for minimum φQ

topt + τ 58 + 4 94 + 4 92 + 4 d
topt,approx + τ 73 + 4 102 + 4 101 + 4 d
topt,coat/topt – 1.62 1.59 1
φQ,opt 1.78 1.11 1.13 US$ GW−1

φQ,coat,opt/φQ,opt – 0.62 0.63 1

In the following steps we focus on scheduling by minimising the operating cost, φop.
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The capital costs of the base units and total time averaged costs are presented in Table
3.4. The total time averaged costs of the coated SS and coated CS HEXs are 28 % and
35 % lower than the reference (uncoated) case, respectively. Assuming a straight line
depreciation period of ten years, the maximum price of the coating per unit area ranges
from (i) 644 US$ m−2 to 834 US$ m−2, for a greenfield application, where the unit is new,
and (ii) 294 US$ m−2 to 475 US$ m−2 for a revamp. This sum is the ‘value price’ and
represents the maximum benefit which needs to be shared between the operator and the
coating vendor.

Table 3.4: Capital costs and maximum coating costs per area of the HEXs considered
in the lumped model case study with parameters given in Table 3.2.

Uncoated Coated Coated Unit
SS HEX SS HEX CS HEX

Capital cost of the base unit
Cbase 182 000 189 500 92 400 US$

Time averaged cost
φbase = Cbase/tlf 49.9 51.9 25.3 US$ d−1

φopt = φop,opt + φbase 335.0 243.2 219.1 US$ d−1

φopt,coat/φopt – 0.73 0.65 1

Maximum coating cost per area: new, greenfield unit
ccoat,max,new = – 644 834 US$ m−2

(φopt − φopt,coat)tlf/Acoat

Maximum coating cost per area: revamped unit
ccoat,max,rev = – 294 475 US$ m−2

(φop,opt − φopt,coat)tlf/Acoat

It is important to note that φbase is inversely proportional to the unit (or coating) lifetime,
tlf . In practice, the coating lifetime is likely to set tlf, as the layer is likely to degrade or
otherwise suffer reduced performance over time. It can be seen that this parameter affects
the techno-economic calculation strongly. A simple finding is that tlf ≥ topt, the coating
should last at least as long as the operating period. When tlf ≈ topt, one can consider
renewable coatings, i.e. ones which are applied regularly, such as at the completion of a
cleaning operation before the unit is put back on-line.

The NTUcl value for this case study unit is about 1: it is close to the NTUcl of the
exchangers used to generate the fouling data, but it is not well designed. With this low
NTUcl, the a4 parameter for the uncoated unit is < 2.8, which was the criterion for
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accurate estimation using the approximate scheduling approach. However, Figure 3.5
reports that scheduling the exchanger with the simplified method results in a difference
in operating costs of only 1 %. Considering the potential error in the parameters in-
volved, particularly in predicting the fouling rate, this is not a significant difference. The
approximate analysis is more readily calculable and suitable for initial estimates.

Sensitivity of heat exchanger operating cost to antifouling performance

This techno-economic model allows one to determine whether the cost of the performance
improvement provided by surface coating is justified by satisfactory financial returns via
the reduction in operating cost. The main source of uncertainty in these calculations
lies in the fouling kinetics. A sensitivity analysis was conducted on the two Kern-Seaton
parameters, tf and R∞f , based on the uncoated unit in Table 3.2. Fig. 3.6 shows the
impact of tf and R∞f on the optimal operating cost. Increasing R∞f (more severe fouling)
and reducing tf (faster fouling) both increase φop.
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Figure 3.6: Impact of fouling model parameters tf and R∞f on the optimal operating
cost for the uncoated SS unit in Table 3.2. Dash-dot line shows where the criterion
χ < 0 applies. Dash-dash line indicates the no-fouling case. Case study units: solid
square, uncoated SS unit; solid circle, coated SS unit.

The dash-dot and dash-dash lines indicate the special cases when the characteristic fouling
time constant approaches zero and infinity, respectively. If tf is small, fouling occurs very
quickly and cleaning is not attractive. The dash-dot line shows where the criterion χ3 < 0
holds. In this region, the corresponding minimum in Figure 3.5b is shallow or practically
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non-existent. Figure 3.6 shows that the operating cost is then only dependent on four
variables, given by Eq. 3.17.

In contrast, if fouling is slow, i.e. tf tends towards infinity, cleaning is not attractive
either. The figure confirms what might be an obvious result, that cleaning is therefore
only economically sensible if fouling is neither too fast nor too slow. The value of this
analysis is that it allows the terms ‘too fast’ and ‘too slow’ to be quantified.

A favourable effect of a coating, compared to an uncoated surface, might be that the
corresponding locus in Figure 3.6 is moved down and to the left, close to the upper
constraint (χ3 < 0). If the antifouling performance is sustainable and there are no other
restrictions (for instance, hygienic considerations in the food and biotechnology sectors;
product changeover in the fast moving consumer goods sector), cleaning facilities would
not be needed for this HEX. This in turn would release capital.

3.3 Dynamic model

3.3.1 Modelling of a fouling heat exchanger in space and time

The lumped approach presented above is simple and easy to compute but is not sensitive to
changes in local operating conditions. In the following sections, spatially and temporally
dynamic fouling behaviour are considered.

The one-dimensional temperature distribution within a single pass counter-current HEX
is calculated over time. A local crystallisation fouling model sensitive to processing and
interface conditions is incorporated using the approach presented by Fryer and Slater
(1985). More complex simulations such as the one reported by Coletti et al. (2010) could
be used, if desired. Similarly, other types of fouling could be implemented (Fryer and
Slater studied chemical reaction fouling by milk).

Fig. 3.7 shows a differential element of area of the HEX: dA = Aδx/L. Enthalpy balances
on the hot and cold streams yield the following constitutive partial differential equations
for the (well-mixed) bulk fluid temperatures at axial position, x, and time, t′:

Hot side fluid Th(t′, z):
∂Th
∂t′

= −UAvh
LWh

(Th − Tc) + vh
∂Th
∂x

(3.38)

Cold side fluid Tc(t′, x):
∂Tc
∂t′

= UAvc
LWc

(Th − Tc)− vc
∂Tc
∂x

(3.39)
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Here, vc and vh are the local bulk fluid velocities. The local heat transfer coefficient, U ,
includes the film heat transfer coefficients, the wall and any fouling resistances. U varies
with time and position.
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Figure 3.7: Elements of the enthalpy balance on either side of an increment of length
for a counter-current heat exchanger (Fryer & Slater, 1985).

Both streams are aqueous. Water property variation with temperature is calculated from
the VDI database (VDI, 2010). This approach allows the local deposit interface temper-
ature and transport coefficients to be evaluated and changes with time accounted for.

3.3.2 Temperature and velocity dependent surface integration
crystallisation fouling model

The cold stream is assumed to contain dissolved calcium carbonate which causes crys-
tallization fouling. Solubility is a function of the conditions at the location of crystal
formation, in particular the temperature (Bott, 1997). The effect of pH, pressure, and
the presence of other chemical species is not considered here but could be included if
desired. Assuming the solid phase to be calcite, the saturation concentration, Csat (in
kg m−3), at the deposit-solution interface temperature, TIF , is calculated using the cor-
relation reported by Pääkkönen et al. (2015) (where TIF is in ◦C):

Csat = −379.33 · 10−10 T 3
IF + 128.11 · 10−7 T 2

IF − 167.15 · 10−5 TIF + 122.11 · 10−3 (3.40)

Aragonite and vaterite have higher solubilities and are not expected to participate (Helal-
izadeh et al., 2000). The temperature distribution and flow conditions are assumed to
favour surface integration controlled deposition (Bansal et al., 2008; Bott, 1997). The
integration step is a complex process, involving the physics of heterogeneous nucleation,
chemistry of the solid-liquid interface and local thermo- and hydrodynamics (Pääkkönen
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et al., 2015). Rather than modelling all these processes in detail, the rate of deposition
into the foulant crystal lattice is calculated using

dmf

dt′ = k′d exp
(−Ea

RTIF

)
(CIF − Csat)j , (3.41)

were k′d is the deposition rate factor, Ea is the activation energy, R is the gas constant,
CIF is the concentration at the interface, and the reaction order is set to j = 2 (Bansal
et al., 2008; Helalizadeh et al., 2000; Mwaba et al., 2006; Pääkkönen et al., 2015). If
the integration step controls fouling, the concentration of species at the integration front,
CIF, is practically equal to the bulk concentration. The interface temperature is calculated
using the cold stream film heat transfer coefficient, hc, via

TIF = U

hc
(Th − Tc) + Tc . (3.42)

The deposition rate factor, k′d, is expected to be a function of local flow velocity or
residence time. The sticking factor formulation suggested by Epstein (1994) is used:
k′d = kdµ/(ρv2

∗), where µ denotes the viscosity of the liquid and ρ is the liquid density
evaluated at interface temperature. The friction velocity, v∗, is estimated using the Blasius
correlation for simplicity (Bergman & Incropera, 2011):

v∗ =
√
τIF
ρ

= vc

√
fD
8 = vc

√
0.316

8Re0.25 . (3.43)

Here, τIF is the shear stress imposed on the fouling layer, fD is the Darcy friction factor,
and Re is the Reynolds number of the cold stream evaluated at the interface temperature.
Incorporation of additional material into the deposit becomes more difficult as the crystal
layer grows and long crystals are likely to be less robust against removal forces (Bott,
1997). A suppression term could be included to address this, but is neglected here.

The fouling layer is assumed to be homogeneous and fouling slowly, so that the bulk
concentration of fouling precursors does not change with x. The local fouling resistance
is calculated from

Rf = mf

ρfkf
. (3.44)

The local duct diameter changes as a result of layer growth (thickness δf = mf/ρf) so TIF,
v∗, Csat and fluid properties vary with position and time. Hence the fouling rate and the
fouling Biot number vary as f(x, t′).

3.3.3 Solution method

Fryer and Slater (1985) used the method of characteristics to convert the hyperbolic
partial differential equations 3.38 and 3.39 into ordinary differential equations. The char-
acteristic lines associated with the convectional enthalpy transport, with velocities vc and
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vh, constrain the numerical integration to a distinct step size, which proves to be the
largest satisfying the Courant-Friedrichs-Lewy criterion for the two stiff equations when
using an explicit integration method (Press et al., 1986). Fryer and Slater were interested
in fast fouling, reaching an asymptote in about one hour. For slower fouling rates with
a high spatial resolution, multistep methods such as those in Matlab R© ‘ode15s’ are more
efficient and are used here.

Equations 3.38 and 3.39 are integrated numerically over time. The spatial derivatives are
approximated with a first order upwind scheme and finite ∆x, giving for the hot stream

∂

∂x
Th(t′, x) ≈ Th(t′, x+ ∆x)− Th(t′, x)

∆x (3.45)

and for the cold stream
∂

∂x
Tc(t′, x) ≈ Tc(t′, x+ ∆x)− Tc(t′, x)

∆x . (3.46)

This upwind scheme is preferred over central differencing schemes since advective enthalpy
transfer dominates diffusive transfer and heat can only propagate in the direction of bulk
flow. The continuous coordinates, t′ and x, are discretized with a mesh of temporal,
nt′ = 1, 2...Nt′ , and spatial, nx = 1, 2...Nx, nodes. Nx was set at 150, as larger values gave
no appreciable increase in accuracy. The size of the time step is determined by ‘ode15s’.

Cleaning is assumed to remove all deposit. The initial temperatures of all nodes nx at
nt′ = 0 are set to the steady state profile for the clean exchanger, obtained by running an
initial simulation without fouling, i.e. dmf/dt′ = 0. The temperatures converge rapidly
to the clean distribution. This was verified by comparison with analytical results.

To define upwind derivatives at the inlet boundaries, Th(nt′ , Nx + 1) and Tc(nt′ , 0) are
set to zero. This is a computational measure as the unit operates with constant inlet
temperatures. The boundary conditions

Th(t′, x) = Th,in x = L, ∀ t′ (3.47a)
Tc(t′, x) = Tc,in x = 0, ∀ t′ (3.47b)

are enforced by setting the numerical temporal derivatives at each inlet to zero, i.e.
∂Th(nt′ , Nx)

∂t′
= ∂Tc(nt′ , 1)

∂t′
= 0 . (3.48)

3.3.4 Illustrative case study: evaluating crystallisation fouling
performances of polymer coatings

Pääkkönen et al. (2015) studied scaling of CaCO3 on a flat-plate AISI 316L stainless steel
heat exchanger surface and measured initial mass deposition rates under transitional
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and turbulent flow conditions. No induction period was observed and they reported
that Equation 3.41 gave closest agreement with their data. The kinetic parameters,
experimental conditions, and properties of the porous fouling layer are given in Table 3.5.
The fouling model described above was verified against the results of Pääkkönen et al.
(2015).

Table 3.5: Crystallisation fouling kinetic parameters, experimental conditions, and foul-
ing layer properties (Pääkkönen et al., 2015). ± 95 % confidence level.

Kinetic parameters
kd Deposition rate factor 1.62× 1020 m4 kg−1 s−2

Ea Activation energy 148 000 J mol−1

Operating conditions
TIF Interface temperatures 59 ◦C to 85 ◦C
CIF CaCO3 concentration 0.418 kg m−3

Dh Hydraulic diameter 0.03 m
vc Bulk velocities 0.18 m s−1 to 0.35 m s−1

Rec Reynolds number 6000 to 12 000

Fouling layer properties
ρf Density 1100± 44 kg m−3

kf Thermal conductivity 0.97± 0.10 W m−1 K−1

The value pricing of antifouling coatings is illustrated by comparing an uncoated SS and
a polymer coated single-pass counter-current shell-and-tube HEX operating at constant
flow rates and inlet temperatures. The coating introduces an additional thermal resistance
to the overall heat transfer coefficient, which is evaluated using

U = (1/hc +Bif/Ucl + δcoat/kcoat log(rh/rc) + rc/rhhh)−1 . (3.49)

Baffles are not considered and the flow in the shell is assumed to be parallel to the
tubes. The film heat transfer coefficients are estimated using the Gnielinski correlation
with temperature dependent water properties and the approporiate hydraulic diameters
(Bergman & Incropera, 2011),

Num = (fD/8) (Re− 1000)Pr
1 + 12.7 (fD/8)1/2 (Pr2/3 − 1)

0.5 . Pr . 2000; 3000 . Re . 5× 106 , (3.50)

where Pr is the Prandtl number and fD is estimated with the Blasius correlation. As
in the lumped model, the difference in U values means that the coated unit requires a
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larger heat transfer area, calculated with Equation 3.37. For the uncoated unit, δcoat is
zero. The design and operating parameters of the two HEXs are summarised in Table 3.6.
In practice, the several metres long HEX could be sectioned, e.g. into four manageable
segments of around 2.5 m length.

Table 3.6: Design, operating and cost parameters of the coated and uncoated HEXs.

Design of the uncoated SS unit
A Heat transfer area 48.3 m2

L Length 10 m
– Number of tubes 150
rc Inner tube radius 5.1 mm
rh Outer tube radius 6.4 mm
– Tube pitch (hexagonal packing) 15.2 mm
– Shell radius 103 mm
kw Tube thermal conductivity3 16 W m−1 K−1

Ucl Overall clean heat transfer coefficient 1199 W m−2 K−1

Qcl Clean heat duty 649 kW

Modified design of the coated unit
kcoat Coating thermal conductivity3 0.1 W m−1 K−1

δcoat Coating thickness3 10 µm
Acoat Heat transfer area 54.1 m2

Ucl,coat Overall clean heat transfer coefficient 1070 W m−2 K−1

Operation
wc, wh Cold and hot stream mass flow 4 kg s−1

Th,in Hot stream inlet temperature 90 ◦C
Tc,in Cold stream inlet temperature 40 ◦C
Cc CaCO3 concentration 0.418 kg m−3

τ Time taken for cleaning 3 d
vc Cold stream bulk velocity, uncoated 0.32 m s−1 to 3.15 m s−1

Rec Cold Reynolds number, uncoated 5070 to 23 000

Costs
cE Cost per unit heat3 5.7 US$ GJ−1

Ccl Cleaning cost per unit 2000 US$
tlf Asset lifetime (depreciation) 5, 10, 15 year

3data taken from Gomes da Cruz et al. (2015)
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Operating conditions were selected to be comparable to the conditions in the Pääkkönen
et al. (2015) experiments. The fouling model Equation 3.41 is solved together with the
enthalpy balances 3.38 and 3.39 in Matlab R© on a desktop PC. As the fouling layer builds
up, the increase in fluid velocities, caused by decreasing duct diameter, reduces the fouling
rate significantly.

3.3.5 Results and Discussion

Figure 3.8 shows the temperature distribution in the uncoated exchanger at different
times. The change in temperatures of both streams across the exchanger becomes smaller
with time owing to fouling. There is little change in the cold stream temperature distribu-
tion near its inlet as there is less deposition here since the level of supersaturation, which
drives crystallisation (Equation 3.41), is smaller. In the second half of the exchanger there
is noticeable change over time as this is where fouling, driven by bulk temperature and
saturation, is highest for the inverse solubility salt.

Fig. 3.9 shows the distribution of deposit in the uncoated exchanger at different times,
expressed as the local fouling Biot number. Driven by bulk temperature and saturation,
the Biot number at the hot end exceeds unity at extended time, indicating a significant
change in U . The fouling layer formation kinetics are not trivial as a result of the dynamic
interdependency between heat transfer and temperature sensitivities in the fouling model.
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There is a noticeable transition from convex to slightly concave fouling distributions
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over time, and autoretardation at the hot end. As the fouling layer grows, interface
temperatures decrease. Duct narrowing causes the flow velocity to increase, resulting in
a lower fouling rate.

Ishiyama et al. (2008) presented a technique to calculate the mean fouling rates in co- and
counter-current HEXs assuming a linear change in temperature across the unit. They also
assumed that the fouling layer thickness does not vary considerably over the tube length:
fouling rates thus tended to increase monotonically across the unit. Figure 3.9 shows
that their approach would not be applicable to this case. The fouling distribution is non-
linear, resulting in an increasingly non-linear temperature distribution over time. The
fouling distribution shows evidence of strong variations in local fouling rate, generated
by different sensitivities to interface temperature in the Arrhenius rate constant and the
solubility in Equation 3.41. After long periods of time, it has to be expected that the
interface temperature, and hence the fouling layer thickness, becomes more and more
uniform.

The effect of fouling on the overall fouling resistance for the uncoated unit is presented in
Figure 3.10. The overall trend could be described as falling rate fouling and arises from
two autoretardation mechanisms, namely decreasing interface temperatures and changes
in sticking factor. This will be accompanied by an increase in cold stream pressure drop.
Asymptotic fouling behaviour, such as reported by Zhao et al. (2002) for CaSO4 fouling
on a stainless steel surface, would require a suppression or removal term.
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Figure 3.10: Evolution of the overall fouling resistance, Rf, of the uncoated unit over
the processing time, t′.

The impact of fouling on the financial performance is plotted in Fig. 3.11. The optimal
processing period, topt, is reached after 54 d, 144 d or 126 d of processing, depending on
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whether cleaning scheduling is optimised for maximum average heat duty, time averaged
operating cost or operating cost per unit heat transferred. The substantial differences
in optimal processing periods indicate that cleaning is costly compared to the cost of
thermal losses due to fouling.

At topt = 144 d, the overall fouling resistance is 1.5 m2 K kW−1, which corresponds to a
mean fouling layer thickness of δf ≈ Rfkf = 1.46 mm. This is significant compared to
the tube radius of 5.1 mm, such that approximating the fouling layer as a thin slab is
not accurate. If deposits of this thickness were encountered regularly, the assumptions in
deriving Eq. 3.49 would need to be revised.
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Figure 3.11: Effect of processing period length on (a) time averaged heat duty, (b) time
averaged operating cost, and (c) operating cost per heat transferred for uncoated stain-
less steel HEXs in dynamic model case study. Crosses – optimal processing periods.

3.3.6 Effect of antifouling performance on coating value

Pääkkönen et al. (2015) only studied calcite deposition on SS, so the antifouling perfor-
mance of a series of fictitious coatings is examined here in a sensitivity analysis. The
parameters of the fouling model are varied to represent improved fouling characteristics:

(i) Geddert et al. (2009) looked at fouling on modified surfaces at higher Reynolds
numbers and reported that the deposition rate constant was smaller for surface
modifications with antifouling properties. This is investigated by specifying the ratio
of deposition rate constants, in the range 0.1 (good antifouling) ≤ kd,coat/kd ≤ 1
(no benefit).
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(ii) Mayer, Augustin, and Scholl (2012) found that antifouling surfaces exhibited lower
adhesion forces between CaCO3 crystals and surfaces, which is likely to facilitate
cleaning. This would, primarily reduce the time taken for cleaning, τ , and is inves-
tigated for 0.1 ≤ τcoat/τ ≤ 1. An effect on cleaning cost is not studied here.

A coating providing fewer nucleation sites and with surface energy hindering heteroge-
neous nucleation is expected to promote longer induction periods at low flow velocities.
However, reliable prediction of induction periods is difficult and is not considered here
(see Gomes da Cruz et al. (2015), for examples). Since the crystallisation mechanism is
unaffected by the coating after an initial crystal layer is formed, the activation energy,
Ea, is unlikely to be affected.

The coated heat exchanger is presumed to be operated for the optimum processing period
to minimise the time averaged operating costs, then cleaned. Figure 3.12 shows the
effect of different levels of coating performance (deposition rate and cleaning time) on the
dimensionless optimal operating cost, calculated by reference to the performance of the
uncoated exchanger in Figure 3.11b. In general, a decrease in time required for cleaning
has a limited effect on the operating cost as the operating periods are very long: this is
evident from Equation 3.15b if τ is small compared to topt. A reduction in deposition
rate constant gives an appreciable difference in operating cost. This provides guidance for
the development of coatings, since innovations in other contexts often show a diminishing
marginal benefit. In this case the induction period would have to be long in order to
influence φop significantly.

Not shown in Figure 3.12 is the associated value of topt, which will be longer than 144 d.
This also constitutes important guidance as the coating must maintain its integrity (e.g.
not spall off) and performance over the extended period if it is to be considered for use
in practice. Alternatively, these calculations can provide indications of the minimum life
expectancy required of such coatings.

Capital costs are now considered. A coated exchanger could be considered to replace
an existing unit, in a revamp or retrofit, or as an alternative to an uncoated unit for a
new plant. The latter, the greenfield scenario, is considered here. The capital cost of
the base unit, Cbase, is calculated as in section 3.2.6. Other depreciation policies could
be considered, depending on the accounting practice to be used. The total optimised
annualised cost is then φ = φbase + φop,opt.

According to Hewitt and Pugh (2007), a 48.3 m2 CS BEM type HEX (TEMA, 1999)
cost approximately 150 £ m−2 in 1994. Conversion into US$ and updating it with the
chemical engineering plant index of 2017 yields an installed cost of 341 US$ m−2 for a
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CS unit and roughly 682 US$ m−2 for a SS unit. Taking this cost as an estimate and
assuming a 10 year asset lifetime, the amortised capital costs of the base units are φcap =
9.02 US$ d−1 for the uncoated SS unit and φcap,coat = 10.11 US$ d−1 for the slightly larger
coated SS unit, before coating costs are added. Given that φop is 68 US$ d−1 for the
uncoated unit, the contribution from capital expenditure is modest: the techno-economic
analysis suggests that the heat transfer penalty due to the low thermal conductivity of the
coating is negligible in comparison to the potential savings when processing streams prone
to serious fouling. The maximum price for coating such an exchanger can be calculated
from

ccoat,max,new = (φ− φcoat)tlf/Acoat . (3.51)

Figure 3.13 shows a map of potential value prices calculated for the cases in Figure 3.12.
Neither inflation nor the time value of money are considered here, but could be introduced
to calculate the net present value.

The strong effect of asset lifetime, tlf, is evident in the results in Figure 3.13. In practice,
the asset lifetime is likely to be limited by the coating’s durability. Assuming the coating
is stable and retains its effectiveness, it creates maximum value if it prevents fouling
completely. If this most promising result would apply to the current case, the coating
value would be greater than 1200 US$ m−2 to 4000 US$ m−2, depending on tlf . Provided
the coating is stable and impermeable for the whole time in service, a FP coated carbon
steel unit could be considered as described in section 3.2.6.
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3.4 Summary

Two models were developed to assess the attractiveness of antifouling coatings. In the first
modelling part, a lumped heat transfer model was used to assess the attractiveness of using
coatings to mitigate fouling. Besides linear fouling, the case of asymptotic fouling has
been investigated over a fouling and cleaning cycle and an approximate result has been
identified, which yields solutions comparable to those obtained by numerical methods.
The ‘value pricing’ concept was demonstrated for a case study on water scaling where
fouling data were taken from a recent study on PFPE coatings. A sensitivity analysis was
applied to a simple HEX model: this identified attractive regions for further investigation
and scenarios where cleaning is not needed.

In the second modelling part, the enthalpy balances of a pure counter-current HEX were
solved together with a fouling model to predict the heat duty and fouling dynamics in
a simple HEX subject to crystallisation fouling. The HEX model was able to demon-
strate non-linear fouling dynamics arising from different temperature and flow velocity
dependencies in crystallisation fouling. A methodology for assessing the economic value of
specific coatings was demonstrated for various combinations of antifouling effectiveness.
In the case study considered, the low thermal conductivity of the polymer coating had
negligible effect compared to the potential gain from fouling mitigation. A shorter clean-
ing period had a substantial, but limited effect on the operating cost compared to the
thermal savings when reducing the deposition rate factor. This finding has direct impact
on potential applications to be considered. HEXs processing foodstuffs like milk, tend to
have shorter processing periods than HEXs exclusively subject to crystallisation fouling.
Equations 3.5a-c suggest that the effect of cleaning time on operating cost is stronger
if the processing period is shorter. This is a strong motivation to improve cleaning of
foodstuffs with antifouling materials to reduce operating cost of HEXs.

There are several unknowns in the case studies which have been estimated or have been
taken from literature. Data from characterisation of coating properties and fouling tests
are gathered in the next chapters and these will improve the quality of the techno-economic
assessment.
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Chapter 4

Surface characterisation

4.1 Coating and substrate materials

Square 5 × 5 cm substrate plates were laser cut from 2 mm thick 304 SS (material EN
1.4301 304, surface finish EN 10088-2 2R, supplier Mill Stainless Stockholders Ltd). SS
was employed as a reference material typically used for plate heat exchangers in the food
industry (Bylund, 2015). Chemours applied FP coatings on some of these plates with
topcoats made from PFA, FEP and PTFE. The FPs were applied as dry powders (PFA-
2, PFA-4) or as water-based suspensions (PFA-3, FEP-2, FEP-3, PTFE-2) which were
sintered subsequently. In contrast, sample PTFE-1 is an epoxy resin with dispersed PTFE
particles. Five of each coating sample were received. To widen the spectrum of materials
studied towards a higher energy apolar surface, polypropylene (PP) film (West Design
Products) was bonded to some SS plates with a two component epoxy glue (Araldite
Standard).

The identification and determination of surface properties is important in attributing the
results of fouling experiments to material characteristics. Geddert et al. (2009) high-
lighted important surface factors in the context of crystallisation fouling: surface energy,
roughness, topography, and nucleation sites. The FPs studied do not have functional
groups which may take part in chemical reactions with the foulant, but are of consider-
able thickness and add an additional heat transfer resistance.

4.2 Coating thickness, thermal resistance and sur-
face topography

Relevant properties of the surfaces investigated are summarised in Table 4.1. The coating
thickness, δcoat, was measured at five points by micrometer, as the difference between
the thickness of the coated plate and the plate after the coating had been scraped off.
The coating heat transfer resistance, Rcoat, was calculated analogous to Equation 3.1 as
the the difference in reciprocal clean overall heat transfer coefficients, measured in the
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microfluidic HEX, for coated and uncoated plates (apparatus discussed later). The mean
thermal conductivity of the coating is given by kcoat = δcoat/Rcoat.

The surface topography was scanned at five positions on each sample plate with a Zygo
NewView 200 interferometer. The surface profile data were filtered with a 5× 5 median
filter and outliers (some points had erroneously large values) were interpolated with a
triangulation-based linear approach. Typical topography plots for each surface are shown
in Figure 4.1. The SS surface (Figure 4.1a) features fine striations associated with ma-
chining and polishing. On the other hand, PP (b) is very smooth on the small-scale
but features a larger-scale waviness due to the imperfect distribution of epoxy glue un-
derneath. The sintered particles from the dry powder manufacturing process are clearly
visible on PFA-2 (c) and PFA-4 (e) and give the surfaces a grainy appearance, whereas
the structures on PFA-3 (d) have a plate like appearance. The FEPs (f,g) have levelled
out more during the sintering process and are smoother than the PFAs on the small-scale.
The dispersed PTFE particles in PTFE-1 (h) stand out from the epoxy matrix and are
apparent as red dots with a diameter of about 80 µm. By far the roughest coating is
PTFE-2 (i) with a peak-to-valley height of ~16 µm.

Table 4.1: Characteristics of the surfaces studied. Coating thickness, δcoat, thermal
resistance, Rcoat, thermal conductivity, kcoat = δcoat/Rcoat, and the arithmetic mean and
root mean square roughness, Sa and Sq, respectively. ± indicates standard deviation.
Colours in the first column are labels to identify surfaces in other figures throughout
this document.

Surface δcoat Rcoat kcoat Sa Sq

(µm) (m2 K kW−1) (W m−1 K−1) (nm) (nm)

SS – – – 40± 3 50± 4
PP 31.8± 7.3 0.300± 0.032 0.106± 0.027 154± 33 190± 43
PFA-2 102.0± 8.2 0.374± 0.045 0.273± 0.039 494± 47 617± 58
PFA-3 71.2± 3.5 0.268± 0.037 0.266± 0.039 556± 67 698± 79
PFA-4 44.6± 6.7 0.362± 0.033 0.123± 0.021 459± 79 574± 100
FEP-2 57.8± 3.3 0.396± 0.052 0.146± 0.021 381± 78 482± 92
FEP-3 54.4± 4.8 0.351± 0.024 0.155± 0.017 216± 35 269± 44
PTFE-1 41.8± 3.4 0.336± 0.048 0.124± 0.021 741± 73 956± 108
PTFE-2 34.6± 3.7 0.218± 0.036 0.159± 0.031 2286± 308 2814± 294
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Figure 4.1: Filtered and interpolated surface topographies. Height scales are in mi-
crometres and differ between figures.

The arithmetic mean roughness, Sa, and root mean square roughness, Sq, were calculated
from these data and the results are summarised in Table 4.1. The areas used to calcu-
late Sa and Sq were 530 × 705 µm in size. Standard deviations were calculated on the
basis of analysing five 2D-profiles separately. To identify surfaces in figures conveniently
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throughout this document, a colour scheme is introduced in the first column of Table 4.1.

PTFE-2 was examined on a Leica SP5 CLSM with a 40× oil immersion lens and 0.1 % g g−1

oil red O in dodecane (both Sigma Aldrich) applied underneath a microscope cover slip.
Dodecane has a low surface tension and ingressed into cracks generated during sintering of
the coating. Exitation of oil red O with an argon laser at 514 nm highlighted fibrous struc-
tures in numerous cracks (see Figure 4.2). With these structures impeding cleanability,
PTFE-2 was not considered for further tests.

40 µm

crack

see 4.2b

(a) Overview

10 µm

fibres

(b) Detail with visible fibres.

Figure 4.2: CLSM images of PTFE-2 surface infused with dodecane containing
0.1 % g g−1 oil red O. Large images are top-views and narrow images are orthogonal
sections. Red channel – oil red O; Green channel – reflection

.

4.3 Surface energy

The dispersive, electron donor, and electron acceptor surface energy components were
determined by non-linear regression of Equation 2.9 using measured equilibrium contact
angles with the test liquids listed in Table 4.2. Contact angle measurements were repeated
12 times using a goniometer (Dataphysics OCA-15).

Sets of three liquids were selected for each regression. For most surfaces, reverse osmosis
water (H2O), ethylene glycol (C2H6O2), and dodecane (C12H26) were used. Ethylene gly-
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col was preferred over formamide (CH3NO) for contact angle regression analysis because
its polarity differs more from water, dodecane, and diiodomethane. SS and PP feature
high γLW values, so diiodomethane (CH2I2) was employed instead of dodecane to obtain
reasonably large contact angles.

The surface energies of some important species involved in milk fouling were also charac-
terised or reproduced from the literature: β-lactoglobulin (β-LG), milk fat globule (MFG),
dicalcium phosphate dihydrate (DCPD), octacalcium phosphate (OCP) and hydroxyap-
atite (HAP). A thin film of denatured and polymerised β-LG (Sigma Aldrich, purity
≥90 %, variant A and B) was generated by wetting a SS sample with a 1 g l−1 solution
in reverse osmosis water and subsequent air drying for 20 min in an oven at 90 ◦C. Con-
tact angles of test liquids with the β-LG layer were determined by taking videos with a
camera attached to the goniometer to capture the instant before the layer started to wick
the sessile drops noticeably. Surface energy components of bovine MFGs and calcium
phosphates were measured by Kiely and Olson (2003) and Wu and Nancollas (1998),
respectively.
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Table 4.2: Advancing contact angles, β, measured at 20 ◦C and surface energy components calculated with the van Oss et al.
(1987) approach. Liquid parameters were taken from van Oss et al. (1992). Contact angles in grey were not used for surface
energy determination. Angles reported to one decimal place. H2O – water; CH3NO – formamide; C2H6O2 – ethylene glycol;
C12H26 – dodecane; CH2I2 – diiodomethane; CW – complete wetting; ND – not determined; ± standard deviation.

Liquid: H2O CH3NO C2H6O2 C12H26 CH2I2

γLW (mJ m−2) 21.8 39.0 29.0 25.35 50.8
γ+ (mJ m−2) 25.5 2.28 1.92 0 0
γ− (mJ m−2) 25.5 39.6 47.0 0 0

Surface Contact angle (◦) Surface energy (mJ m−2)
β γLW γ+ γ−

SS 57.1± 2.5 61.5± 7.3 53.0± 2.1 5.2± 1.5 52.3± 1.4 32.3± 0.7 8.7± 6.0× 10−4 32.6± 1.7
PP 103.5± 1.1 87.5± 3.6 75.6± 1.9 CW 60.1± 2.2 28.5± 0.5 49± 10× 10−4 0.26± 0.11
PFA-2 110.3± 2.3 90.4± 2.3 94.7± 0.8 43.0± 1.0 ND 16.1± 1.2 2.3± 5.4× 10−4 0.53± 0.33
PFA-3 108.2± 2.5 92.8± 4.4 91.8± 1.8 44.6± 1.5 ND 16.9± 1.0 8.2± 8.1× 10−4 0.93± 0.35
PFA-4 108.0± 1.2 89.1± 2.3 89.1± 4.7 46.2± 1.1 ND 18.0± 0.9 4.6± 5.6× 10−4 1.0± 0.3
FEP-2 108.4± 1.4 92.9± 5.0 92.6± 1.6 41.6± 4.2 ND 16.9± 1.0 8.6± 9.1× 10−4 0.76± 0.35
FEP-3 108.1± 0.6 94.9± 2.3 92.3± 3.2 47.5± 1.1 ND 16.3± 0.8 8.5± 7.2× 10−4 1.1± 0.3
PTFE-1 81.1± 4.4 70.1± 3.4 65.7± 3.6 19.3± 9.2 ND 23.8± 1.5 0.18± 0.16 11.5± 1.7
PTFE-2 106.9± 5.9 96.3± 2.5 96.3± 3.7 38.1± 3.3 ND 16.9± 2.2 ≈ 0± 13× 10−4 1.4± 1.0

β-LG 82.1± 2.2 67.1± 1.5 57.5± 1.9 CW 44.0± 1.8 36.1± 0.9 6± 50× 10−4 6.1± 0.8
MFG1 36.09 0.04 36.94
DCPD2 26.4 1.6 31.7
OCP2 21.6 2.2 19.7
HAP2 36.2 0.9 16.0
1 data from Kiely and Olson (2003); 2 data from Wu and Nancollas (1998)
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The surface energy of all materials involved is expected to decrease with increasing temper-
ature. The surface tension of water reduces approximately with a rate of−0.17 mJ m−2 K−1

(Vargaftik et al., 1983), whereas the surface energy of low surface energy polymers reduces
by around −0.066 mJ m−2 K−1 (Shafrin & Zisman, 1972). At 90 ◦C the surface energies
of water and FPs are therefore reduced by about 18 % and 24 %, respectively. Measuring
the surface energy at ambient temperature to explain phenomena taking place at elevated
temperature is a common approximation in the field (Barish & Goddard, 2013; Boxler
et al., 2013c; Mauermann et al., 2009; Rosmaninho & Melo, 2006).

With the exception of the calcium phosphates, all the solids in this study can be considered
monopolar because their electron acceptor contribution to surface energy is smaller than
1 mJ m−2 (van Oss et al., 1987). The dominant Lifshitz-van der Waals and electron donor
contributions for the above materials are plotted in Figure 4.3. The oxide layer on SS
and the MFG membrane are highest in surface energy and are most polar, followed by
β-LG and PTFE-1 which also displays significant polarity, presumably due to the epoxy
matrix (Bergslien, Fountain, & Giese, 2004). In contrast to the pure FPs, PP is apolar
but has a high Lifshitz-van der Waals interaction parameter.
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Figure 4.3: Apolar, γLW, and electron donor, γ−, contributions to surface energy. Data
(no uncertainty provided) for MFG reported by Kiely and Olson (2003). Error bars
show standard deviation.
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Chapter 5

Milk fouling studies

5.1 Introduction

This chapter reports the development and use of two laboratory HEX systems to investi-
gate fouling from milk products on different surfaces. The motives of this work were to (i)
measure the performance of FP coatings and SS to provide data for the techno-economic
assessment of FP based antifouling coatings in dairy applications, and (ii) to study the
effect of surface properties on the composition and structure of milk fouling deposits.

A microfluidic HEX apparatus with a rectangular flow channel with dimensions 2 mm
wide and 0.65 mm high, operating in the laminar flow regime, was designed and used to
probe the local composition of delicate raw milk fouling deposit in-situ with histology
techniques employing CLSM. The purpose of this rig is to serve as a tool for testing
various surfaces by using a limited amount of resources and allowing easy optical access.
The evolution of pressure drop and final deposit mass were used as indicators of fouling
performance because they were more sensitive to fouling than thermal data. In this case
the unit processes two litres of ‘real’ raw milk in a once-through flow scheme, thereby
addressing Mérian and Goddard (2012)’s criticism of antifouling testing using simple
formulations which do not represent the complexity of real foodstuffs.

A larger bench-scale HEX rig based around a rectangular flow channel with dimensions
42 mm wide and 10 mm high, operating in the turbulent flow regime, was designed and
built to approximate conditions at the hot end of a HTST pasteuriser or in the regenerative
heating section of a UHT steriliser. Fouling resistance time series and final deposit mass
were used as indicators of fouling performance in this unit. It was not feasible to run
in once-through mode so 17 l of pressurised WP solution or raw milk were recirculated
through the unit. This rig bridges the gap from laboratory- to industrial-scale.

All fouling experiments were performed under constant heat-flux conditions, i.e. elec-
trically heated with fixed power rating. Assuming the fouling layer to be thin and not
affecting the film heat transfer coefficient, this mode of operation has the advantage that
the surface temperature is independent of the thermal resistance of the sample, coating
and fouling layer. The microfluidic and bench scale HEXs were primarily designed and
built by the author. The metal parts of the bench-scale HEX flow channel were ma-
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chined to the authors specifications by Gautrey Engineering, Cottenham, UK and mains
electrical wiring was executed by the CEB electronics technicians.

5.2 Materials

5.2.1 Raw milk

Raw milk was sourced from the University of Cambridge’s Park Farm Holstein-Friesian
herd and used on the same day. The milk was taken from a tank which received milk
from more than 100 animals. The cows were fed a diet optimised for milk yield including
grass, maize and grass silage, malt residue, potatoes, rumen protected fats, and other
supplements. The pH of the raw milk as received at 6 ◦C was 6.70± 0.24. Composition
of a milk sample and typical raw milk compositional data taken from the literature are
summarised in Table 5.1. The data lie within typical ranges reported in the literature,
except for the casein and β-LG content (shown in grey). The data from protein specific
enzyme-linked immunosorbent assay (ELISA) tests are not considered trustworthy as they
contradict other experimental and literature data. Sample preparation for ELISA tests
necessitated 500 to 78 000 fold dilution which may have introduced errors. Another source
of error may have been aggregates concealing a fraction of the protein from the test.

Table 5.1: Composition of raw milk sample (Aug. 2017) and typical raw milk composi-
tion reported in the literature.

Constituent Fraction (% g g−1) Method of Analysis Typical fraction (% g g−1)

Fat 3.8 NMR1 3.92, 2.5 to 5.53

Protein 3.1 Kjeldahl (N× 6.25)1 3.42, 2.3 to 4.43

Casein 0.862± 0.087 ELISA1,4 2.62, 1.7 to 3.53

β-LG 0.134± 0.018 ELISA1,5 0.322,3

Ash 0.8 Ashing1,6 0.82, 0.57 to 0.833

Calcium 0.096 ICP-MS7
0.1243

Calcium 0.104 ICP-OES1

1Determined by Premier Analytical Services, 76 Lincoln Rd, High Wycombe HP12 3QS, UK
2Data from Bansal and Chen (2006)
3Data from Walstra et al. (2005)
4Ridascreen FAST Casein ELISA kit (R4612), ± standard deviation of three repetitions
5Romer AgraQuant β-LG ELISA kit (COKAL1048), ± standard deviation of three repetitions
6Incineration in muffle furnace at 500 ◦C for 7 h
7Determined at the Department of Earth Sciences, Cambridge, UK
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The calcium content was determined by inductively coupled plasma mass spectroscopy
(ICP-MS) and ICP-OES which yielded similar results, both of which were comparable
with literature values. For heat transfer calculations, the thermophysical data of raw
milk were approximated as those of water (VDI, 2010) apart from the viscosity, which
was taken from Fernández-Martín (1972b) for milk with 0.1 g g−1 total solids content (e.g.
0.75 mPa s at 60 ◦C).

For experiments with the microfluidic HEX (Nov. 2016 to Mar. 2017) 2 l of unmodified
milk were degassed for 45 min at 20 kPa (absolute) in an ultrasonic bath at 56 ◦C, i.e.
just below its boiling point. After heating to 56 ◦C, the pH dropped to 6.30± 0.06, and
increased slightly during degassing. CLSMmicrographs of the milk presented in Appendix
B indicate no visible effect of the procedure on the MFGs. In some cases, rapeseed oil
or molten clarified butter was pumped though the microfluidic HEX to deposit a thin
triglyceride (TG) film. The fat was added because it was suspected that apolar surfaces
would interact differently with it than SS. Some composition data for the rapeseed oil
and clarified butter are given in Table 5.2.

For experiments with the bench-scale HEX (Aug. 2017), 17 l of unmodified milk were
heated to 61 ◦C under gentle stirring in the experimental rig’s reservoir over 90 min. After
heating the pH dropped to 6.59± 0.04.

5.2.2 Whey protein solution

WP solution was used for the majority of fouling experiments with the bench-scale HEX.
Hiprotal WP 35 concentrate (composition given in Table 5.3 and thermogravimetric ana-
lysis shown in Appendix A) was provided by FrieslandCampina, Amersfoort, NL, and dis-
solved in deionised water at 60 ◦C to make 17 l solution with a concentration of 18.2 g l−1.
This gives a whey protein fraction of 6.2 g l−1 which is typical for raw milk (Walstra et al.,
2005). The thermophysical properties of WP solution were approximated as those of wa-
ter (VDI, 2010). For some experiments 900 ml WP solution from the 17 l was replaced
by single cream to give 10 g l−1 fat from cream and a total fat content of 10.46 g l−1. This
low concentration was chosen to keep the thermophysical properties relevant for flow
behaviour and heat transfer close to the original properties of the WP solution. Some
composition data for the single cream are given in Table 5.2.
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Table 5.2: Composition of rapeseed oil (Sainsbury’s SO organic rapeseed oil), clarified
butter (East End pure butter ghee) and single cream (Sainbury’s fresh single cream)
according to packaging information.

Constituent Rapeseed Oil Clarified Butter Single Cream

Fat 917 g l−1 998 g kg−1 190 g l−1

of which saturates 61 g l−1 670 g kg−1 120 g l−1

of which mono-unsaturates 544 g l−1

of which polyunsaturates 269 g l−1

Protein <5 g l−1 <0.1 g kg−1 33 g l−1

Carbohydrate <5 g l−1 <0.1 g kg−1 22 g l−1

of which sugars <5 g l−1 <0.1 g kg−1 22 g l−1

Fibre <5 g l−1 <0.1 g kg−1 <5 g l−1

Salt <0.1 g l−1 <0.1 g kg−1 0.7 g l−1

Table 5.3: Composition of Hiprotal whey protein 35 and final 18.2 g l−1 solution ac-
cording to the supplied data sheet. Calcium fraction determined by ICP-MS at the
Department of Earth Sciences, Cambridge, UK.

Constituent Hiprotal WP 35 WP solution Method of Analysis

Lactose ~51 % g g−1 ~9.3%� g g−1 not stated
Protein 34.1 % g g−1 6.2%� g g−1 ISO 14891
Ash 6.5 % g g−1 1.2%� g g−1 NEN 6810
Calcium 0.604 % g g−1 0.11%� g g−1 ICP-MS
Free moisture 3.2 % g g−1 0.58%� g g−1 ISO 5537
Organic milk salts ~2 % g g−1 ~0.36%� g g−1 not stated
Fat 2.2 % g g−1 0.40%� g g−1 ISO 1736
Nitrate (NO3) 57 ppm 1.0 ppm ISO 14673-2
Nitrite (NO2) <0.1 ppm <1.8 ppb ISO 14673-2
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5.3 Fouling layer analysis methods

5.3.1 Confocal laser scanning microscopy (CLSM)

Visualising protein and calcium phosphate

Confocal microscopy was used to study the distribution of calcium phosphate and protein
within the fouling layers. Calcium green A1 (CG) and texas red sulfonyl chloride (TR-SC)
(both Molecular Probes Inc.) show an increase in fluorescence on binding to calcium ions
and amine groups, respectively. 50 µg of CG was dissolved in 50 µL dimethyl sulfoxide
(purity 0.99 g g−1, Alfa Aesar) under ultra-sonication and added to 10 ml deionised water.
The final concentration of ~4 µM is in the order of magnitude used by Thomas et al.
(2000) to study calcium cell signalling. The solution was injected into the microfluidic
HEX cell holding the fouling deposit and kept there for 25 min. Afterwards, 1 mg of
TR-SC was dissolved in 10 ml deionised water just above the water freezing point to
reduce the rate of dye hydrolysis (Lefevre et al., 1996). The 160 µM TR-SC solution was
injected into the cell shortly after mixing and again held therein for 25 min. The cell was
then rinsed with deionised water and placed on a Leica TCS SP5 CLSM. The CG and
TR-SC fluorophores were excited by an argon laser at 514 nm and a helium-neon laser at
633 nm, respectively. In situ images of deposits on FPs were taken with a 10× lens and
the pinhole set to 53 µm. In some cases, deposits adhered strongly enough to be imaged
ex-situ using a 40× oil immersion lens.

Visualising fat

Confocal microscopy was used to study the distribution of fat in milk and selected fouling
deposits. Nile blue A shows an increase in fluorescence in apolar environments (Jose
& Burgess, 2006). 20 mg l−1 of Nile blue A (Sigma-Aldrich) was dissolved in raw milk
to study the effect of heating and ultrasonication on MFGs. The prepared milk was
added between a cover slip and a microscope slide (two other cover slips acted as spacers)
and was viewed with CLSM. Images were taken with a 40× oil immersion lens and a
helium-neon laser exiting Nile blue A at 633 nm.

To take images of fat immobilised in fouling deposits, 20 mg l−1 of Nile blue A was dis-
solved in deionised water and added underneath a cover slip resting on the fouling layer.
After about 20 min, the sample was placed on the CLSM and images were taken with a
10× lens and laser excitation at 633 nm.
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5.3.2 Confocal thickness scanning (CTS)

Thickness scans of fouling deposits were conducted with a confocal chromatic thickness
probe (Micro-Epsilon IFS2405-3) mounted above a motorised X-Y stage (Standa 8MTF-
102LS05). The apparatus, developed within the research group, allows one to take raster
scans of surfaces with a maximum size of 102×102 mm and a height range of 3 mm at sub
micron-scale resolution. The fouling deposits on test plates from the bench-scale HEX
were initially sputter coated with a 20 nm gold layer to generate a sharp optical interface
for detection. In later cases applying graphite powder with a fine brush also sufficed. The
test plates with deposit were scanned with a lateral resolution of 1 mm at 50× 50 = 2500
points. A second scan of the cleaned test plates was used to subtract the contours of
the substrate. This was instrumental when accounting for the uneven thickness of FP
coatings. Many of the deposits generated on polymers could not be scanned because they
detached on drying. The data were subsequently linearly interpolated and filtered with a
5× 5 box linear filter using a Matlab R© routine written by the author.

5.3.3 Inductively coupled plasma mass spectrometry (ICP-MS)

ICP-MS was used to determine the calcium mass fraction in raw milk, WP solution and
fouling deposits generated from those solutions. All preparation work took place at ambi-
ent temperature and the material samples were left for acid digestion in a fume cupboard
for one week. Before analysis with a Perkin Elmer Nexion 350D ICP-MS instrument all
samples were further diluted 10-fold with 20 % g g−1 HNO3.

To determine the calcium fraction in raw milk, 46 g milk were placed in a glass beaker
and heated on a hot plate to 80 ◦C to yield 8.43 g gel by evaporation of water. 16.7 mg
gel was loaded into a vial and acids were added for digestion (10.33 g 1 M HCL, 2.29 g
70 % g g−1 HNO3). For analysis of Hiprotal WP 35, 85.5 mg powder was digested in acid
(11.16 g 1 M HCL, 2.30 g 70 % g g−1 HNO3).

Some fouling deposits from the bench-scale HEX were prepared as follows: the deposit
(mass ranged from 4.8 to 16.3 mg) was separated from the substrate plates by washing
with 1.81 to 11.38 g 1 M HCl in Petri dishes and removed with a plastic spatula. The liq-
uids with suspended deposits were loaded into in vials and 0.37 to 2.3 g 70 % g g−1 HNO3

was added for digestion. A control with 12.20 % g g−1 calcium prepared with CaCl2 (an-
hydrous, Breckland Scientific Supplies) gave a measured fraction of 12.27 % g g−1 calcium,
i.e. 0.57 % error.
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5.4 The microfluidic heat exchanger apparatus

5.4.1 Design & construction

The fouling microfluidic apparatus is based around the microfluidic HEX cell shown in
Figure 5.1. The cell has three main functions: (i) guiding the flow of the process fluid
into the cell, past the test surface and out, (ii) heating the square test plate to the desired
surface temperature and (iii) allowing microscope imaging. The cell is constructed as
a composite sandwich with cross section depicted in Figure 5.1b. The channel body
(labelled 1 on the Figure) is made of 3D printed polyamide PA2200 (3Dprintuk Ltd.)
and holds a 180 µm thick borosilicate glass slip (2) on a stainless steel support shim. The
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Figure 5.1: Microfluidic HEX assembly. Labels are explained in the text. (a) Side view,
inlet facing front. (b) Cross section through plane AA showing channel, sample and
heater. (c) Magnification of (b) showing sample and channel geometry. The width of
the channel is 2 mm. Dash-dot lines indicate planes of symmetry.
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walls of the channel are made of cast silicone rubber which also acts as a seal against the
sample surface (3). The test plate is heated by a 12 V positive temperature coefficient
heater (4) and the temperature of the heater, Th , is measured by a thermistor (Epcos
B57540G1103F000). The sample and heater are embedded in silicone rubber insulation
(5). The cell is clamped with eight screws (6) via a compression plate (7) fabricated from
acrylonitrile butadiene styrene on a MakerBot 2x 3D printer. The channel created between
the glass slip and test surface is rectangular with dimensions a× b = 2× 0.65 mm2 (5.1c).
This was confirmed at the cell operating temperatures by confocal chromatic thickness
measurement (Micro-Epsilon GmbH & Co. KG, IFS2405-3). The heat transfer area, A,
is a × L = 80 mm2. When being imaged the cell is located on the optical xyz-stage of
an inverted CLSM, with the base plate machined to incorporate the lens (8). Figure 5.2
shows a photograph of the cell.

Tin

Pin Pout

Tout

Heater power and
sensor cable

(2)
(1)

(5)

(6)

10 mm

Figure 5.2: Photograph of the microfluidic HEX cell. Numbered labels are explained in
the text and insulation on tubes is not shown.

Figure 5.3 shows how the HEX cell is integrated into the experimental system. Batches
of deionised water, raw milk and 1 M sodium hydroxide are held at 56 ◦C in separate
containers in a heated water bath (9). The selected liquid is drawn successively by one
of a series of proportional-integral controlled peristaltic pumps (10) at a flow rate of
12.10± 0.67 g min−1 (± standard deviation, otherwise indicated) and fed through a spiral
copper tube in a second bath held at 63 ◦C (11). β-LG aggregation starts at this tem-
perature. The liquid is then pumped through the fouling cell (12). The typical flow rate
gives an average flow velocity of 15.5± 0.9 cm s−1 in the duct and a Reynolds number of
Re = 213± 12 (see Section 5.4.2 for more details). The inlet and outlet temperatures,
Tin and Tout, are measured with thermistors and the pressure drop across the cell, ∆P ,
is measured with a differential pressure sensor (NXP MPXV7002DP). The effluent is dis-
charged into a waste bottle (13) resting on a load cell (14) and the mass flow rate, ṁ, is
calculated from the change in bottle mass over time.
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Figure 5.3: Microfluidic HEX process schematic. Labels explained in text.

All basic measurement, control and actuation functions were processed on an Arduino
Mega 2560 microcontroller board programmed in C/C++. Higher level functions, such
as set-point generation, data visualisation and storage, were programmed in a Python 2
module executed on a standard PC. The microcontroller and PC communicated bidirec-
tionally via a USB connection and data were stored every five seconds.

5.4.2 Thermo-hydraulic characterisation

At steady state, the electrical power supplied to the heater, qe , is transferred to the fluid,
q, and the environment, qenv:

qe = q + qenv . (5.1)

qe is set by electrical pulse width modulation while taking the temperature dependent
electrical heater resistance into account. It can be seen in Figure 5.4a that, within the
practical temperature range, the heating element resistance, Rh, falls with increasing
heater temperature, Th. A decrease in resistance at temperatures below the Curie point
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(here: ~503 K, from specification), where the resistance eventually increases sharply, is
common for ceramic positive temperature coefficient resistors (Musat & Helerea, 2010).

The heat loss to the environment, qenv, was characterised as a function of temperature
driving force in separate tests giving the results in Figure 5.4b. Here, the driving force is
the difference between the heater temperature, Th, and the temperature of the environ-
ment, Tenv. The results are of the form qenv ∝ ∆T 1.54, which indicates natural convection
limited heat transfer (Bergman & Incropera, 2011). The exponent is at the higher end of
expected values, which may be a consequence of the increasing thermal conductivity of
air with rising temperature.

250 300 350 400 450
0

5

10

15

20
0.944 exp

(
872
Th

)

Th (K)

R
h
(Ω

)

(a) Electrical resistance.

0 20 40 60
0

0.5

1

1.5

2

2.5
0.0045 (Th − Tenv)1.54

Th − Tenv (K)

q e
nv

(W
)

(b) Effect of temp. driving force on steady
state heat loss to the environment for drained
flow channel, giving q ≈ 0. Tenv = 21 ◦C.

Figure 5.4: (a) electrical resistance and (b) heat loss in the microfluidic HEX. Crosses –
measurements; lines – root mean square fitted correlations for Rh(Th) and qenv(Th, Tenv).

The desired mean temperature of the wetted sample surface (see 3 in Figure 5.1), Ts,m, is
set and the steady state power input, qe, is calculated accordingly:

qe =
(
Ts,m −

Tout + Tin
2

)
Ahm + qenv(Th, Tenv) . (5.2)

where hm denotes the mean film heat transfer coefficient. At an inlet temperature of
62 ◦C the viscosity of raw milk was approximately µ = 0.75 mPa s. The Reynolds number
in the centre of the test channel was Re = 213± 12, so laminar flow was expected and
confirmed visually by dye injection. The average Nusselt number was estimated from
numerical steady state solutions for thermally developing laminar flow in rectangular
channels heated from four sides reported by Wibulswas (1966) for the following conditions:
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(i) The channel is a simple rectangular duct. For simplicity, this is approximated by
assuming a uniform channel height of 0.65 mm.

(ii) The hydraulic boundary layer develops more quickly than the thermal boundary
layer. The Prandtl number, Pr, at the inlet in this case is 4.8 and indicates faster
momentum diffusion than thermal diffusion.

(iii) The wall heat flux along, and temperatures perpendicular to, the main channel axis
are uniform. This approximates the configuration in the fouling cell.

Tb increases linearly along the channel:

Tb(x) = (Tout − Tin)x/L+ Tin . (5.3)

Table 5.4 summarises the mean and local Nusselt numbers for a channel with aspect
ratio 1/3. The mean Nusselt number of the channel is calculated as Num = 1

L

∫ L
0 Nu dx.

The dimensionless coordinate, x∗, is defined as x/DhPe, where x is the axial distance
along the channel (see Figure 5.1c), Dh is the hydraulic diameter, and Pe = RePr is the
Péclet number. The mean and local film heat transfer coefficient can be obtained from
hm = Num k/Dh and h = Nu k/Dh, respectively, where k is the thermal conductivity of
the milk. Under the assumptions stated above, the local surface temperature, Ts, can be
found from the overall enthalpy balance

Ts(x) = Tb(x) + q

Ah(x) = Tb(x) + ṁcp
Ah(x) (Tout − Tin) . (5.4)

Here cp is the (almost temperature insensitive) specific heat capacity and Tb(x) is the
bulk temperature, or mixing cup temperature to be precise, at location x. The overall
heat transfer coefficient, U , is found from

U = ṁcp
A

Tout − Tin
Th − 1

2 (Tout − Tin) . (5.5)

Table 5.4: Average and local Nusselt numbers, Num and Nu, for thermally developing
laminar flow in rectangular channels with aspect ratio 1/3 heated from four sides for
various dimensionless positions. Reproduced from Wibulswas (1966). For Num, x = L.

x∗−1 0 20 40 80 120 160 200

Num 4.77 6.06 7.09 8.48 9.52 10.31 10.97

Nu 4.77 5.00 5.39 6.21 6.92 7.50 8.02
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Figure 5.5: Estimated bulk and surface temperature distribution in the microfluidic
fouling cell for standard operating conditions. Error bars indicate standard deviations.
The schematic on the right illustrates the temperature dependency of BLG structural
changes reported by Tolkach and Kulozik (2007), cf. Figure 2.2.

Figure 5.5 shows the initial calculated temperature distribution in the clean microfluidic
HEX. The estimated temperature in the thermal boundary layer – taken as the average
of the bulk and surface temperatures – favours β-LG being in the molten globule state.

Protein deposition, accompanied by an increase in ∆P , is expected to occur. The change
in pressure drop can be related to the deposit thickness, δf, via the Hagen–Poiseulle
equation (e.g. Sutera & Skalak, 1993)

∆P = 128
π
Lµ

ṁ

ρ

(
a+ b− δf
2a(b− δf)

)4

, (5.6)

where a and b are the channel width and height, respectively. This assumes that the
layer has uniform thickness and surface roughness does not change. The viscosity, µ, and
density, ρ, are evaluated at the average bulk temperature: 1

2(Tout + Tin). If a � b ≥ δf,
Equation 5.6 can be written as

∆P ∝ (b− δf)−4 . (5.7)

The pressure drop is significantly more sensitive to deposit build up than the mean heat
transfer coefficient, which is proportional to the thickness of the deposit layer. ∆P in
Equation 5.6 can be related to the pressure drop of the clean cell at the beginning of the
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experiment, ∆Pcl, viz.

∆P
∆Pcl

= µṁ

µclṁcl

(
(a+ b− δf) b

(a+ b)(b− δf)

)4

. (5.8)

By division, all constants and ρ (which is almost constant throughout the experiment)
cancel. µcl is the viscosity and ṁcl is the flow rate at the beginning of the experiment.
Given experimental data, this can be solved by iteration to give the thickness of the
deposit.

5.4.3 Raw milk fouling studies on steel and fluoropolymers

Experimental protocol

Figure 5.6 shows an example of the evolution of the variables monitored during a micro
HEX fouling test. Initially deaerated, deionised water was pumped through the cell until
thermal steady state was reached for the desired mean surface temperature (marked t′1
in Figure 5.6). In some cases, rapeseed oil or molten clarified butter was pumped though
the cell before heating it up to deposit a thin TG film. The flow rate was 12 g min−1 for
all experiments, which corresponds to a Reynolds number of 202 at the inlet. The liquid
was then switched to de-aerated raw milk and the Figure shows a pronounced increase in
∆P and a modest increase in Th as deposition occurred. At time t′2 the fouling cell heater
was turned off and cooled to 75 ◦C with deionised water. The flow then stopped and the
deposit was either studied with in situ CLSM or the cell was disassembled to remove the
test plate and dry the deposit before weighing.

Following an experiment the test plate and channel body (see (1) in 5.1b) were cleaned
by hand in six steps: (i) washed with a commercial dishwashing detergent at ~55 ◦C,
(ii) rinsed with water at ~55 ◦C, (iii) washed with 1 M NaOH at ~21 ◦C, (iv) rinsed with
water at ~55 ◦C, (v) washed with 0.5 M phosphoric acid at ~21 ◦C and (vi) rinsed again.
The rest of the system was cleaned by circulation of 1 M NaOH followed by deionised
water, both at 62 ◦C. Each test plate was re-used frequently and the clean performance
monitored to determine whether irreversible changes occurred.

The associated thermal resistance, Rf, was calculated by inserting Equation 5.5 into 3.1
and setting Ucl = U(t′) shortly after t′ = t′1 when heat transfer stabilised. Over the
course of this experiment the fouling resistance grew to about Rf = 0.025 m2 K kW−1. In
most experiments, however, the change in thermal resistance was not significant over the
time-scales studied.
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ṁ
(g

m
in
−

1 )
,R

f
(1

0−
6

m
2

K
W
−

1 )
,T

in
,T

ou
t,
T
h
(◦

C
)

∆P
Th
Tout
Tin
Rf
ṁ

Figure 5.6: Example of microfluidic HEX monitoring record for a fouling test on stainless
steel. ∆P – left axis; mass flow rate and temperatures – right axis. Vertical dashed
line at t′1 indicates when flow was changed from water to milk, t′2 indicates end of
experiment.

Evolution of pressure drop and deposit thickness

Figure 5.7a shows the pressure drop evolution over time for all surfaces studied without
pre-wetting with TGs. PFA-2 showed fast accumulation of deposit and the experiments
were stopped after 65 min. The pressure drop increased more slowly for PFA-3, but
accelerated after 60 min and exceeded that of SS. FEP-2, however, performed better
throughout. The performance of PTFE-1 is comparable to SS, nonetheless it shows a
higher initial pressure drop. If the measured pressure drop of 400 Pa to 800 Pa is assumed
to have occurred primarily in the thin HEX channel, the mean wall shear stress ranged
from about 3 Pa to 6 Pa. The effect of depositing a thin TG film in the cell before the
experiment can be seen in Figure 5.7b. Pre-wetting with rapeseed oil reduces the pressure
drop of PFA-2 strongly throughout the experiment. Pre-wetting FEP-2 with clarified
butter further improves the performance of the coating, albeit to a smaller extent.

The thicknesses of hypothetical uniform deposit layers which would give these increasing
pressure drops were calculated according to Equation 5.8 and are shown in Figure 5.8.
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Figure 5.7: Pressure drop profiles for fouling tests with raw milk using the microfluidic
HEX. n indicates the number of experiments performed. Some lasted 65 min, others
120 min. Figure 5.7b shows data for two experiments where rapeseed oil (‘+oil’) or
clarified butter (‘+fat’) was pumped through the cell before bringing it to thermal
steady state. Shaded bands indicate ± standard error.
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Figure 5.8: Estimated thickness evolution of uniform raw milk deposit layers in the
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performed and shaded bands indicate ± standard error. Identifying line colours are
the same as in Figure 5.7
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These curves are noisier than the pressure drop data because the instantaneous changes
in mass flow and changes in viscosity due to temperature fluctuations are taken into
account. By including the mass flow, however, some variations seen in the pressure drop
data do not manifest in the thickness curves. The initial slumps in pressure drop due to
the stabilising mass flows evident in Figure 5.7 within the first 15 min are not seen in the
thickness curves. Results for surfaces which were not pre-wetted with TGs are presented
in Figure 5.8a. PFA-2 shows an initially rapid growth in fouling layer thickness followed
by a steady linear increase.

The fouling layers on the polar surfaces SS and PTFE-1 grow with a noticeably linear
trend. Growth on FEP-2 and PFA-3 remains stagnant or slow until 45 min and 65 min, re-
spectively, but is then followed by steady growth. The final thickness on FEP-2 is ~50 µm
compared to ~130 µm on SS. This corresponds to average fouling rates of ~0.42 µm min−1

and ~1.08 µm min−1 for FEP-2 and SS, respectively. TG pre-wetted surfaces show a slow
linear growth in fouling layer thickness presented in Figure 5.7b.

The pressure drop and deposit thickness data for the polar surfaces SS and PTFE-1
were more reproducible than for the apolar surfaces. Although care was taken to remove
all dissolved air from the milk prior testing, apolar surfaces were more prone to bubble
nucleation which may be the reason for the larger variance seen in their tests.

Evolution of fouling resistance

The measured fouling resistances were calculated with Equation 5.5 and 3.1, setting Ucl =
U(t′) shortly after heat transfer stabilised. Figure 5.9a presents the fouling resistance
profile for SS. Although the data are noisy, a steady increase in fouling resistance until
Rf ≈ 0.025 m2 K kW−1 is evident. The data for the coated surfaces was much more noisy,
an example of which is shown for FEP-2 in Figure 5.9b. Little measurable fouling over
the first 65 min, which was evident in the ∆P data, can also be inferred from the thermal
data (see arrows). The final fouling resistance for FEP-2 was comparable with the one
obtained for SS. Dividing the fouling resistances by the processing time gives a fouling
rate of 0.0125 m2 K kW−1 h−1. Corresponding data for the other surfaces are provided in
Appendix C: these mirror the δf profiles.

Expressing the fouling resistances as fouling Biot numbers (Bif = UclRf) gives Bif =
2180 · 0.025× 10−3 = 0.05 for SS and Bif = 1160 · 0.025× 10−3 = 0.029 for FEP-2. The
smaller fouling Biot number for the tests with coated samples explains why the noise
in Figure 5.9(b) is larger than in (a). Hartnett et al. (2001) showed that measurements
of fouling resistance are impractical for Bif < 0.1, which is why fouling monitoring by
pressure drop was preferred.



Chapter 5: Milk fouling studies 83

0 20 40 60 80 100 120−0.2

−0.1

0

0.1

0.2

n = 6

Processing time (min)

R
f
(m

2
K

kW
−

1 )

3

(a) SS

0 20 40 60 80 100 120−0.2

−0.1

0

0.1

0.2

Processing time (min)

3

(b) FEP-2

Figure 5.9: Fouling resistance profiles for raw milk fouling tests with microfluidic HEX
on (a) SS and (b) FEP-2. Arrows in (b) mark a change in the fouling rate. n indicates
the number of experiments performed and shaded bands indicate ± standard error.

An estimate of the expected fouling resistance can be calculated from the deposit thick-
nesses via Rf = δf/kf. Hydrated whey protein gels have thermal conductivities of around
0.4 W m−1 K−1 (Tuladhar et al., 2002b). Taking this as an estimate for the deposit thermal
conductivity yields a final fouling resistance of 0.33 m2 K kW−1 for SS and 0.13 m2 K kW−1

for FEP-2. Dividing the expected fouling resistances by the processing time gives a foul-
ing rate of 0.16 m2 K kW−1 h−1 for SS and 0.06 m2 K kW−1 h−1 for FEP-2. The fouling
resistances estimated from pressure drop data are thus larger than those determined by
thermal measurements. One reason for this might be the reduction in cross sectional
flow area with progressing fouling, which increases flow velocities and enhances the heat
transfer within the milk.

Deposit coverage

The mass of fouling deposit was determined after drying overnight and the data are
presented as surface mass coverage in Figure 5.10. On a 90 % confidence level, there was
significantly less deposit on the FEP-2, FEP-2+fat and PFA-2+oil plates compared to
SS, which is consistent with the ∆P and δf results in Figures 5.7 and 5.8, respectively.
Compared to plain PFA-2 after 65 min, oil pre-wetted PFA-2 accumulated roughly half the
deposit in twice the time. The deposited mass on FEP-2 decreased slightly by pre-wetting
with clarified fat. PFA-3 also accumulated less deposit, but gave a high pressure drop,
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suggesting that the deposit was more voluminous. The PTFE-1 coating accumulated a
similar amount to SS, which is consistent with the ∆P data in Figure 5.7a. Without
pre-wetting, PFA-2 was not an effective coating as it accumulated a similar amount of
deposit to the SS reference in half the time.

The steady growth in fouling layer thickness for SS justifies the calculation of an average
mass deposition rate by dividing the deposit coverage by the processing time. The rate
for SS was 5.1 mg m−2 s−1, which is larger than the rate obtained by Foster et al. (1989)
(c.f. 1.1 mg m−2 s−1) from fouling experiments using raw milk at a surface temperature
of around 100 ◦C in a small stirred beaker with 200 ml volume and a bulk temperature
of 60 ◦C. Their small deposition rate may be related to the small liquid volume and
hence the small total amount of fouling precursors present. Barish and Goddard (2013)
studied raw milk fouling at more comparable flow conditions (Re = 256) in a model plate
HEX at bulk temperatures from 65 ◦C to 85 ◦C and measured an average mass deposition
rate of 4.0 mg m−2 s−1. They tested the performance of SS against a nickel coating with
dispersed PTFE particles which gave an average mass deposition rate of 0.27 mg m−2 s−1.
This compares favourably with the mass deposition rate of 3.5 mg m−2 s−1 achieved here
with FEP-2.
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Figure 5.10: Deposit coverage (dry mass per unit area) from raw milk after a test du-
ration of 120 min (except for PFA-2: 65 min, see Figure 5.7a). ‘+oil’ or ‘+fat’ indicate
that rapeseed oil or clarified butter was pumped through the cell before bringing it
to thermal steady state. Error bars show 90 % confidence intervals based on three
repetitions.
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Deposit photographs

The photographs of deposits in Figure 5.11 show noticeable differences. On the polar
surfaces (b,d), the layer is whitish and had a more brittle texture, indicating that it
contained a larger amount of calcium phosphate (confirmed later by separate chemical
analyses of deposits from the bench-scale HEX – see Table 5.5). The deposit was firmly
attached to SS, whereas on PTFE-1 it partly flaked off. While the deposits on the apolar
surfaces were easily cleaned, a strongly attached mineral layer remained on PTFE-1 and
especially on SS after washing with 1 M NaOH solution (see Figure 5.11c). This layer
was removed by washing with 0.5 M H3PO4, which is consistent with it being calcium
phosphate.

(a) PFA-2
65 min In

le
t

L = 40 mm
Flow direction

(b) SS

(c) SS NaOH
washed

(d) PTFE-1

(e) PFA-3

(f) FEP-2

(g) PFA-2+oil

(h) FEP-2+fat

Figure 5.11: Representative pictures of dried raw milk deposits from microfluidic HEX
after 120 min (or otherwise indicated) of processing on plain (a-f) and TG pre-coated
(g,h) surfaces. Deposits on apolar surfaces detached after a few seconds of drying.
Image (c) shows deposit on SS after washing with 1 M NaOH.

On the apolar surfaces (a,e-h) the deposit detached from the substrate after the first
seconds of drying in ambient air. This suggests that (i) drying causes shrinkage and
tension within the deposit; (ii) the cohesion of the dried deposit on apolar surfaces is
stronger than its adhesion; and (iii) adhesion is facilitated by the presence of water.
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Furthermore, the deposits formed on apolar surfaces were more transparent and softer
to the touch, suggesting a higher protein content. On pre-wetted surfaces (g,h) some
oily residue is visible, indicating that a fraction of TG remained at the surface until the
end of the experiment. Otherwise, deposits formed on plain and pre-wetted FP surfaces
appeared to be similar. No visible changes of the tested surfaces were observed.

Calcium and protein distribution in raw milk deposit

CLSM was used to study whether the surface affected the local composition of the deposit.
Figure 5.12a-c shows an orthogonal CLSM section of the 120 min deposit on SS. The
signals indicating the presence of (a) amines, (b) calcium ions and (c) both, are shown
separately. Blue indicates the amine groups present in proteins and red the presence of
Ca2+ ions. The deposit appears generally uniform in composition, with some patches of
variation parallel (lateral) to the surface. In the asterisked regions there are relatively
more amine groups than calcium ions, suggesting a higher protein content. This variation
is unlikely to arise from the surface, as the surface chemistry would be expected to affect
composition uniformly near the interface at the length-scales studied.

(a) -NH2
solution
SS deposit

40 µm

(b) Ca2+

(c) -NH2, Ca2+ **

(d) -NH2

solution

SS
deposit

(e) Ca2+ (f) -NH2, Ca2+

10 µm

Figure 5.12: CLSM sections through a raw milk fouling layer on SS (see Figure 5.11b)
taken (a-c) in situ with a 10× air lens and (d-f) ex situ with a 40× oil immersion lens.
The amine and calcium data are shown individually in (a,b,d,e) and superimposed in
(c,f). * highlight lateral variations in composition.
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Higher resolution images, Figure 5.12d-f, were taken with a 40× oil immersion lens ex
situ, and showed no spatial irregularities. At some points the fouling layer blistered.
Given the instantaneous changes in the fouling layers on apolar surfaces when subject to
drying (peeling off), these were studied with CLSM in situ, i.e. without disassembling
the fouling cell.

Figure 5.13a shows an example of a deposit cross section on PFA-3. The deposit layer
was considerably thicker than on SS and the apolar surface promoted the growth of a
protein-dense layer extending up to 20 µm. The structure of the layer closely resembles
those encountered around trapped air bubbles: an example of such a bubble on SS is
shown in Figure 5.13b. In contrast to the previous images, this scan was taken parallel
to the surface. The accumulation of protein at the interface is evident: the protein acts
as a surfactant (Gunning et al., 2004). An attempt was made to analyse the deposit
composition with ICP-OES but the experiments yielded inconsistent data.

-NH2, Ca2+ 40 µm

proteinaceous
layer

solution

deposit

PFA-3

(a) Orthogonal CLSM section of a fouling
layer on PFA-3 (Figure 5.11e). The substrate
is at the base and the solution above. Image
taken with 10× air lens in situ.

-NH2, Ca2+ 50 µm

proteinaceous
layer

(b) CLSM image, scanned parallel to the sur-
face, of deposit on SS (Figure 5.11b) showing
the cross section of an air bubble. Image taken
with 40× oil immersion lens ex situ.

Figure 5.13: CLSM images showing the composition of raw milk deposit generated with
the microfluidic HEX on apolar surfaces.

Discussion

The pressure drop and deposit mass coverage data demonstrated that some FPs can mit-
igate raw milk fouling compared to stainless steel under these flow conditions. Their
antifouling effectiveness is influenced by their topography, with the smoothest coating
(FEP-2) performing best. Other authors have reported that low surface roughness has a
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neutral to positive effect on milk fouling (Bansal & Chen, 2006; Kananeh et al., 2010).
Considering the size of proteins, calcium phosphate crystals, and their aggregates, the
length-scale of surface roughness is important as interactions take place on the nanometre-
scale (Rechendorff et al., 2006). Zouaghi et al. (2018) conducted fouling experiments
with WP solution and confirmed that protein and calcium containing species ingressed in
crevices in – hydrophilic and hydrophobic – micro-patterned surfaces, leading to higher
final deposit masses than on unstructured surfaces. Tests with PFA-2 and FEP-2 fea-
tured induction phases of 45 min and 65 min, respectively, with negligible increases in
fouling layer thickness (Figure 5.8a). Depositing a thin TG film before processing reduces
deposition markedly on the rough PFA-2 surface and to smaller extent on the smoother
FEP-2 surface. Both rapeseed oil and milk fat were effective pre-coats. It is not clear
from the data whether it is the smoothness of the TG layer leading to less deposition or
the stabilisation of β-LG against heat denaturation by binding fatty acids. Considerable
deposition occurred on all surfaces even though the bulk temperature was below 72 ◦C,
(cf. Visser & Jeurnink, 1997) indicating aggregation and chemical reaction in the hot
boundary layer drove fouling in this milk.

Adhesion of a mineral-rich sub-layer on SS, likely to be mainly calcium phosphate, was
strong after 120 min of processing at a surface temperature of 85 ◦C (see Figure 5.11c).
Foster et al. (1989), working with SS at similar temperatures and for the same processing
period, also reported a high calcium phosphate content at the deposit-substrate interface.

Apolar surfaces and air bubbles favoured protein deposition. Adsorption experiments
by Luey, McGuire, and Sproull (1991) support these findings: they reported more β-LG
adsorption on hydrophobic silicon than on hydrophilic silicon, although their study was
performed at 15.6 ◦C. Because of its low density, air can be considered as an apolar, low
surface energy material in this context, in effect adsorbing similar proteinaceous matter
as seen in Figure 5.13b.

The surface energies of the tested surface materials and denatured β-LG were determined
by contact angle measurements (see Section 4.3). The materials were found to have
γ+ ≈ 0, i.e. they are monopolar. The remaining contributions to surface energy from
γLW and γ- are plotted as dots in Figure 5.14a. According to Equation 2.4 the affinity
of apolar surfaces to promote proteinaceous deposit can be explained by estimating the
interfacial free energy of interaction, ∆GIF

123, when denatured β-LG (subscript 1) adsorbs
to a surface (2) in an aqueous environment (3). Contours of constant ∆GIF

123 plotted in
Figure 5.14a indicate strong interaction of β-LG with other hydrophobic materials in water
(c.f. −65 mJ m−2 for FPs and −23 mJ m−2 for metals). The inter-particle interaction of
denatured β-LG describes the tendency of β-LG to form aggregates and is therefore an
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estimate of the cohesive strength of the fouling material. The free energy of inter-particle
interaction is calculated to be ∆GIF

113 = −2γ13 = −56 mJ m−2 (with subscripts 1: β-LG,
3: water, see also Figure 2.5b for visualisation), even though this is not accounting for
chemical reactions within the fouling deposit, as discussed earlier in Section 2.2.1.

Dried deposits warped and detached from apolar surfaces, indicating stronger cohesion
within the layer than adhesion to the surface. This view is supported by considering
that removing water from the deposit (i.e. medium 3 becomes air) results in stronger
interactions within the fouling deposit: ∆GIF

113 = −2γ1 = −72 mJ m−2 (with subscripts
1: β-LG, 3: air). Figure 5.14b demonstrates that the the adhesion to apolar surfaces
remains largely unaffected by drying while the adhesion to PTFE-1 amd SS increases
markedly. On apolar surfaces the deposit cohesion becomes stronger than adhesion. On
SS, drying decreases ∆GIF

123 of β-LG and the surface three-fold to −77 mJ m−2, giving a
reason for the strong adhesion of dry deposit to SS.

0 10 20 30 400

10

20

30

40

−
80

−
70

−
70

−
60

−
60

−
50

−
50

−
40

−
40

−
30

−
30

−
20

−
20

−10

FPs

SSPP

PTFE-1

β-LG

γ−(mJ m−2)

γ
LW

(m
Jm

−
2 )

(a) ∆GIF
123 with 1: BLG 2: surface 3: water

0 10 20 30 400

10

20

30

40

−70−70

−60−60

−50−50

−40−40

−30−30

−20−20
−10−10

FPs

SSPP

PTFE-1

β-LG

γ−(mJ m−2)

γ
LW

(m
Jm

−
2 )

(b) ∆GIF
123 with 1: BLG 2: surface 3: air

Figure 5.14: Contours of interfacial free energy of interaction, ∆GIF
123 (mJ m−2), of

(subscript 1) denatured BLG and (2) monopolar surfaces, in (3) (a) water and (b) air.
Monopolar surface electron donor, γ−, and apolar, γLW, contributions to surface energy
are displayed on the axes. The surface energy of denatured β-LG was determined by
contact angle measurements on a hot air-dried film, see Table 4.2.

The change in interfacial free energy of interaction on drying indicates whether β-LG
‘sticks’ more or less when water is removed. This change in free energy is calculated as

∆Gdrying = ∆GIF
12air −∆GIF

12water (5.9)
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and can be plotted as the difference of the contours in Figure 5.14b and 5.14a. Figure
5.15 explains the surface energy characteristics needed to design a coating which features
a ‘self-cleaning’ behaviour on drying. Materials in the lower-left corner have a release
characteristic when an adhering β-LG layer dries. The interfacial free energy of interaction
of β-LG with itself reduces by around 20 mJ m−2 on drying, i.e. physical interactions in
protein aggregates become stronger. PP poses an interesting material as interactions
with it do not change much on drying. This material, which was not studied with the
microfluidic HEX, is included in studies with the bench-scale HEX in the next section.
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Figure 5.15: Contours of the change in interfacial free energy of interaction of denatured
BLG and surfaces on drying, ∆Gdrying. Monopolar surface electron donor, γ−, and
apolar, γLW, contributions to surface energy are displayed on the axes.

Simple crystal nucleation theories such as that by Rieke (1997) suggest minerals should
also form on FPs. The interfacial free energies of three common forms of calcium phos-
phate, which are closely related to the interfacial free energies of heterogeneous nucle-
ation, are depicted in Figure 5.16. The plots suggest that apolar surfaces are attractive
for DCPD, OCP, and HAP to nucleate and to adhere. Nucleation and adhesion to SS is
calculated to be much less attractive. This was not seen in the experimental observations
and there might be several reasons for this:

(i) Although calcium phosphate nucleation and/or calcium phosphate particle adhe-
sion is promoted by apolar surfaces, fast adsorption of protein could be kinetically
favoured. This view is supported by Visser and Jeurnink (1997) who argued that
the first layer to be adsorbed is proteinaceous but can change composition over
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time (Foster et al., 1989; Foster & Green, 1990). Proteins adsorbed to hydrophobic
materials expose their hydrophobic side chains (Miriani et al., 2014), creating a
hydrophobic interfacial region. For subsequent nucleation of calcium phosphate be-
tween adsorbed protein and FP, well hydrated calcium and phosphate ions have to
leave parts of their solvation shell to diffuse through regions of hydrophobic matter
– this is likely to make the process unfavourable.

(ii) Wu, Zhuang, and Nancollas (1997) pointed out that arguments based on free energy
of heterogeneous nucleation fail to explain why calcium phosphate does not nucleate
on apolar polymers in biomineralisation. They concluded that electron donor and
acceptor sites are a necessary condition for heterogeneous nucleation by providing
a template for ordered lattice ion deposition. The current model does not consider
local charge interactions of individial ions.

(iii) Another reason for the absence of a mineral base-layer on FPs might be the geo-
metric lattice mismatch between calcium phosphate and unordered polymer strands.
Amjad (1998) noted that kinetics and energetics of calcium phosphate overgrowth
depend strongly on the spacing and structure of the lattices involved as well as their
relative orientations.

(iv) The majority of calcium phosphate is bound in casein micelles, i.e. the interactions
of casein micelles are be more important than assumed.
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Figure 5.16: Contours of interfacial free energy of interaction, ∆GIF
123 (mJ m−2), (sub-

script 1) of (a) DCPD (b) OCP (c) HAP and (2) monopolar surfaces in (3) water.
Monopolar surface electron donor, γ−, and apolar, γLW, contributions to surface en-
ergy are displayed on the axes. The surface energies of DCPD, OCP and HAP were
taken from Wu and Nancollas (1998).
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Expanding on hypothesis (i) one can calculate the free energy of interaction of a calcium
phosphate (CP) layer developing between previously adsorbed β-LG and the surface:

∆GCP integration = ∆GIF
BLG,CP,water + ∆GIF

CP,surface,water −∆GIF
BLG,surface,water . (5.10)

This free energy is calculated for DCPD, OCP and HAP in Figure 5.17. DCPD is unlikely
to form since ∆GDCPD integration is positive for all surfaces in Figure 5.17a. The generation
of an OCP layer is marginally attractive on SS in Figure 5.17b. It is, however, eventually
expected for HAP to form, as the associated free energy reduction is largest for all surfaces
(see Figure 5.17c). The reduction in free energy is about twice as high for SS than for
apolar surfaces. Within this framework the integration of a mineral layer between β-LG
and the SS surface could thus be explained – bearing in mind the simplifications and
limitations of the approach.
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Figure 5.17: Contours of the change in interfacial free energy, ∆GCP integration (mJ m−2),
of a layer of (a) DCPD (b) OCP and (c) HAP forming between adsorbed BLG and
the surface. Monopolar surface electron donor, γ−, and apolar, γLW, contributions to
surface energy are displayed on the axes. The surface energies of DCPD, OCP and
HAP were taken from Wu and Nancollas (1998).

Intermolecular forces of a material decay on the nanometre-scale (van Oss, 2003). Com-
paring this with the proteinaceous layer thicknesses of around 10 µm to 20 µm shown in
Figure 5.13a,b suggests that the affinity for low polarity species is propagated as the
fouling layer grows.

The appearance and properties of the fouling layers were affected by the nature of the
surface. Those formed on polar surfaces were noticeably more white, indicating a high
mineral content. Those formed on apolar surfaces were more transparent when wet,
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loosely attached, and detached partially on drying in air. The latter features indicate
properties which could be exploited in tailored cleaning solutions (e.g. combined alkaline-
chelant rather than two-stage alkali-acid). Surfactants can successfully displace proteins
from interfaces (Gunning et al., 2004), which could further facilitate removal of protein
rich deposit from apolar surfaces. These strategies add additional value to an antifouling
coating by reducing cleaning times and simplifying cleaning solution chemistry. Surfaces
of rough FPs, or ones which have become rough after a long time in service, could be
‘healed’ by wetting with TG before processing, i.e. during the HEX heat-up phase.
A related option are liquid infused porous surfaces, where a structured surface wicks
a lubricating liquid to give a slippery interface. The lubricating liquid is chosen to be
immiscible with the process fluid. Liquid infused surfaces show potential to mitigate
mineral fouling (Charpentier et al., 2015).

The microfluidic HEX demonstrates that testing antifouling coatings does not necessarily
require significant resources. The apparatus enables screening of coatings to identify
candidates for plant-scale testing with small batches of raw milk and is suitable to use
with microbially active species. The option to study delicate fouling deposits with in-situ
microscopy sets it apart from many other fouling test rigs.
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5.5 The bench-scale heat exchanger rig

5.5.1 Design & construction

The bench-scale fouling HEX rig is a compact mobile experimental station designed to
investigate milk fouling on exchangeable sample plates under turbulent flow conditions.
The rig recirculates liquid to limit the consumption of foulant solution. It is composed
of three sub-systems: (i) the pressurised flow channel with the HEX test section, (ii) the
heated tanks to supply the process fluids, and (iii) the electrical cabinet for control and
data logging. Sub-systems (i) and (ii) are labelled in the process schematic in Figure 5.18.

P

Tout

Th

Tin
V̇

qe =f(...)

Ts

Tw,t1

trip Tb,t1

Tw,t2

trip Tb,t2

Tw,t3

trip Tb,t3

Foulant H2O 0.2M NaOH

(i) (ii)

(1)

(2)

(3)(4)

(5)

Figure 5.18: Bench-scale HEX process schematic with labelled sub-systems: (i) flow
channel with HEX and (ii) heated tanks and pump. T – temperature, V̇ – flow rate.
Numerical labels discussed in the text.

17 l batches of fouling solution, water and 1 M sodium hydroxide (for cleaning) are held
at 60 ◦C in separate tanks. The tank walls are heated by proportional-integral controlled
silicone heater mats (2× RS Pro Silicon Heater Mats with total qe,max = 800 W, A =
0.12 m2 per tank). The bulk temperature in the tanks is measured with thermistors
embedded in thermowells. Thin film thermistors measure the temperature of the heated
walls, Tw,t1...3, and are linked to high temperature trips to keep the wall temperatures
below critical thresholds. In the water and sodium hydroxide tanks, wall temperatures
are capped at 100 ◦C to prevent boiling. In the foulant tank, the wall temperature is
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capped at 63 ◦C to prevent fouling and foulant inactivation. A stirrer (jiffy mixer blade,
67 mm diameter, ~500 rpm) keeps the temperature distribution within the foulant tank
close to uniform. The three tanks are installed in parallel. One liquid at a time is pumped
through the HEX section (labelled 1 in the Figure) by opening the associated solenoid inlet
and outlet valves (normally closed) shown in black. The proportional-integral controlled
centrifugal pump (2) and throttle valves (3) increase the absolute static pressure in the
HEX section to retain dissolved air in solution at the temperatures experienced at the
heat transfer surface. Pressure is measured with an analogue pressure gauge at the top of
the flow channel (4). The volumetric flow rate is measured with a positive displacement
sensor (5) and kept at V̇ = 8.00± 0.18 l min−1 for all experiments. The HEX inlet, outlet
and heater temperatures, Tin, Tout and Th, are measured with thermistors. The electrical
power requirement, qe, to achieve a desired mean sample surface temperature, Ts, is
calculated as a function of the fluid properties and instantaneous process measurements.
This is discussed further in Section 5.5.3. After the liquid exits the throttle valves, it
is fed back to its tank. For cleaning and maintenance purposes, four manual ball valves
(three in the tank bases and one below the flow channel) allow complete drainage of the
tanks and pipework.

Figure 5.19a is a photograph of the bench-scale HEX rig with sub-systems and key com-
ponents labelled. The rig rests on a mobile base to enable relocation. The experimental
station is based around the heated section of the channel, marked (1), which is illustrated
by an exploded assembly drawing in Figure 5.19b. The process liquid enters the rectangu-
lar channel (width a = 42 mm, height b = 10 mm, length L = 1.2 m) from the side labelled
‘Inlet’. Two cartridge heaters (2× Acim Jouanin H8X40X200, total qe,max = 400 W) gen-
erate a heat flow from the copper block (labelled 6) through the sample plate (7), which
sits flush with the channel walls (8). The bulk temperature gain across the heated section
is ~5 mK under standard experimental conditions. Heating is thus confined to the thermal
boundary layer, which minimises excessive heating of the recirculated foulant.

The sample rests on two channel inserts (9) made from PEEK and exposes a heat transfer
surface of A = 42 × 50 mm2 to the fluid. PEEK shows low creep at high temperatures
and is thermally insulating. A thermally conductive pad (10) ensures good heat trans-
fer between the copper block and the sample. Eight thermistors are inserted through
boreholes (11) at different locations of the copper block to measure the temperatures at
the interface to the thermally conductive pad. The heater temperature, Th, is calculated
as the arithmetic average of those readings. A silicone gasket (12) around the sample
prevents leakage and reduces heat loss to the stainless steel channel walls. Heat loss is
further reduced by silicone cladding (13) around the copper block. Six wing-nuts hold
an aluminium compression plate (14) in place and allow quick assembly and removal of
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heater and sample between experimental runs. On the other side of the channel, an acrylic
window (15) allows the sample to be observed while processing transparent fluids.
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(ii)

(iii)(1)

(2)

(3)(4)

(5)

650 mm

(a) Photograph of bench-scale HEX rig.
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(b) Exploded assembly drawing of the
bench-scale HEX.

Figure 5.19: The bench-scale HEX assembly. Labels are explained in the text.

5.5.2 Control hard- & software

The control hard- and software are conceptually similar to ones designed for the mi-
crofluidic HEX system. A graphical process control user interface was programmed with
TkInter (Python Software Foundation, 2016), shown in Appendix D. In the upper part of
the interface, labelled (a), instantaneous measurement data are displayed and set-points
can be selected in a process diagram. In the lower part of the interface, labelled (b),
selected measurements are shown over time.
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5.5.3 Thermo-hydraulic characterisation

As with the microfluidic HEX apparatus, experiments were performed under conditions
of constant heat flux. The electrical resistance of the cartridge heaters was taken from the
product data sheet. The required electrical heater power, qe, to achieve a chosen mean
surface temperature, Ts,m, of the HEX is calculated by taking heat loss to the environment,
qenv, in Equation 5.2 into account. Separate tests at different heater temperatures were
conducted where the flow channel was kept dry to simulate q = 0 and measure qenv.
The results in Figure 5.20a are fitted with a power-law relationship for simple software
implementation. In Figure 5.20b, the linear response of the power electronics and heater
is demonstrated by measuring the heating rate, dTh/dt′|Th≈100 ◦C, as a function of the
set electrical heater power. dTh/dt′|Th≈100 ◦C was determined by measuring the change
in heater temperature while heating for time intervals of 5 to 20 s. The reciprocal of
the fitting coefficient in Figure 5.20b is the heat capacity of the heating unit. Assuming
that most of the power is used to raise the temperature of the copper heater block, the
specific heat capacity of copper is calculated to be cp = 377 J kg−1 K−1. This compares
reasonably with the literature value of 384.6 J kg−1 K−1 (Atkins, 1986) and demonstrates
that the heater power is determined and controlled correctly.
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Figure 5.20: Bench-scale HEX heater characterisation: (a) steady state heat loss to the
environment over temperature driving force at Tenv = 21 ◦C and (b) heating rate as a
function of electrical heater power at Th ≈ 100 ◦C. The bench-scale HEX was drained
in both cases, i.e. q ≈ 0. Crosses – measurements; lines – root mean square fitted
correlations.
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To find the mean film heat transfer coefficient in Equation 5.2, it is rearranged to yield

hm = qe − qenv(Th, Tenv)
A
(
Ts,m − Tout+Tin

2

) . (5.11)

Non-fouling experiments with water were carried out to find hm for different flow rates.
The mean surface temperature Ts,m was estimated by employing a SS sample plate coated
with water resistant thermochromic liquid crystals (coated by LCR Hallcrest with coat-
ing SLN40/R40C1W). Starting at 39.9 ◦C, the black coating changes colour to red, green,
blue, and back to black again. The onset temperature for colour change was verified by
comparison against a second thermometer. During the experiments, the heater temper-
ature, Th, was increased until the middle third of the sample surface started to change
colour. This situation was easy to identify, albeit somewhat arbitrary. An example of
this is shown in Figure 5.21, where the indicated surface isotherm has a parabolic shape.
The mean film heat transfer coefficients obtained are summarised in Figure 5.22. The
flow in the channel was turbulent and the channel was hydrodynamically smooth at the
tested flow rates. The Gnielinski correlation (see Equation 3.50) for hydrodynamically
and thermally fully developed flow in circular pipes describes the data reasonably well.
The Darcy friction factor in the Gnielinski correlation can be found with the Petukhov-
correlation (Bergman & Incropera, 2011) which is valid for hydraulically smooth pipes,
viz.

fD = (0.790 lnRe− 1.64)−2 3000 . Re . 5× 106 . (5.12)

In fouling experiments the Gnielinski and Petukhov correlations were used to estimate
hm in Equation 5.2 when calculating the required heat duty for the selected mean surface
temperature.

Figure 5.23 shows data from further tests to determine the overall clean heat transfer
coefficient, Ucl, using water at higher temperatures in an unpressurised HEX. There
is a sharp increase in Ucl on increasing the heater temperature from 145 ◦C to 150 ◦C.
This is likely to arise from the onset of nucleate boiling which increases heat transfer
markedly. In milk fouling, boiling generally increases deposition (Burton, 1968; Jeurnink,
1995) and commercial pasteurisers avoid this regime by operating at elevated pressure
(Bylund, 2015). To avoid phase changes of water and dissolved air, the bench-scale HEX
was operated at 1.8 bar absolute pressure by closing the throttle valves at the flow channel
outlet.
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a = 42 mm
a/3 a/3

Figure 5.21: Thermochromic liquid crys-
tal coated SS sample in bench-scale
HEX observed through window. Onset
of colour change in the middle third indi-
cates a surface temperature of ∼ 40 ◦C.
White arrow indicates direction of flow
and dashed curve illustrates a surface
isotherm.
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Figure 5.22: Bench-scale HEX mean
film heat transfer coefficient, hm, over
volumetric flow rate, V̇ , and Reynolds
number, Re. Crosses – measurements;
Line – Gnielinski correlation (Equation
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perimental standard deviation. Hatched
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Figure 5.23: Overall heat transfer coefficient, Ucl, of unpressurised bench-scale HEX
loaded with sample FEP-2 for different water flow rates, V̇ , and heater temperatures,
Th. Hatched area – transition zone from laminar to turbulent (Avila et al., 2011).
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5.5.4 Whey protein solution and raw milk fouling studies on
steel and fluoropolymer surfaces

Experimental protocol

Before the experiment, piping and tanks were sanitised by circulating hot water at 75 ◦C.
Figure 5.24 shows an example of the subsequent evolution of the monitored variables
during a fouling test. Initially, deionised water was pumped through the HEX until
thermal steady state was reached for the desired mean surface temperature (marked t′1 in
Figure 5.24).

The liquid was then switched to raw milk or, as in this case, WP solution and the
figure shows a steady increase in Th and drop in U as deposition occurred. A mean
surface temperature Ts,m = 89 ◦C, a volumetric flow rate of V̇ = 8 l min−1, and a bulk
temperature of Tb,t1 = 61 ◦C was used for all bench scale HEX experiments, except where
noted otherwise. In some tests, 10 g l−1 milk fat was added to the WP solution in the
form of single cream before the experiment. The cream mixed in easily and made the
solution more opaque.

During the processing period, the fouling resistance, Rf, was calculated according to
Equation 3.1. Unlike with the microfluidic HEX, the increase in pressure drop was not
statistically significant as the deposit thickness is small compared to the channel height.
At time t′2 the HEX heater was turned off and cooled to ∼ 70 ◦C. The flow was then
stopped and the HEX was drained and disassembled (see Figure 5.19b) to remove the
test plate and dry the deposit before weighing.

Following an experiment the test plate was cleaned in six steps: (i) washed with a commer-
cial dishwashing detergent, (ii) rinsed with water, (iii) washed with 1 M sodium hydroxide,
(iv) rinsed with water, (v) washed with 0.5 M phosphoric acid and (vi) rinsed again. The
HEX rig was cleaned with a SS dummy sample in place, with three steps: (i) circulation
of 0.2 M sodium hydroxide at 50 ◦C for 15 min, (ii) neutralisation to pH 7 with phosphoric
acid at ambient temperature and draining, (iii) circulation and draining of several 17 l
deionised water batches at ambient temperature. Each test plate was re-used frequently
and the clean performance monitored to determine whether irreversible changes occurred.

The pH of the foulant solution was monitored continuously with a Fisher Scientific Ac-
cumet AB15 meter. It was found that the thermal sanitation stage at the beginning
of the experiment is necessary to kill thermophilic bacteria hosted by the experimental
equipment which otherwise proliferate during the processing period. Figure 5.25 shows
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the evolution of fouling resistance in the rig processing WP solution if the sanitation
step was not conducted. The excretion of acids from bacteria reduces pH over time and
accelerates fouling after 150 min to yield a thick deposit shown later in Figure 5.33a,iii
(see studies on pH in milk fouling by Bansal & Chen, 2006; Foster et al., 1989; Skudder,
Brooker, Bonsey, & Alvarez-Guerrero, 1986). The pH in an idle tank (no processing, all
valves shut, Tb,t1 = 61 ◦C) is constant for 230 min, indicating that the thermophiles reside
primarily in the piping and flow channel.
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HEX monitoring record for a WP
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Evolution of pH

Figure 5.26a shows that the pH of the WP solution remained constant at ~6.75 during
processing. Adding cream did not change the pH of the WP solution significantly. The
pH in raw milk (Figure 5.26b) was initially lower, at 6.6, and decreased gradually over
time.
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Figure 5.26: pH evolution of (a) WP solutions and (b) raw milk during bench-scale
HEX fouling experiments. Straight lines are root mean square fitted to the data.

Evolution of fouling resistance

The evolution of fouling resistance while processing WP solution was measured for five dif-
ferent surfaces and results are shown in Figure 5.27. In Figure 5.27a, two groups of surfaces
can be identified: (i) FEP-2 with a fouling rate of ~0.04 m2 K kW−1 h−1, and (ii) SS, FEP-
3, and PFA-4 with a fouling rate of ~0.02 m2 K kW−1 h−1. These rates are intermediate be-
tween the fouling resistances estimated from pressure drop data (c.f. 0.16 m2 K kW−1 h−1

for SS and 0.06 m2 K kW−1 h−1 for FEP-2) and thermal data (c.f. 0.0125 m2 K kW−1 h−1

for SS and FEP-2) obtained from experiments using raw milk in the microfluidic HEX.
Boxler et al. (2013c) reported a similar fouling rate of 0.019 m2 K kW−1 h−1 for a SS labo-
ratory plate HEX heating 55 g l−1 WP isolate in a milk salt solution from 62 ◦C to 85 ◦C.
Compared to WP concentrate, WP isolate contains a very small amount of lactose.
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An induction period (see Section 3.2.1 for definition) was not observed for SS or the
FPs. For PP, however, an induction period of 75 min is evident in Figure 5.27b. Large
standard errors (shaded bands) indicate large variance between repeated measurements.
The final fouling Biot numbers ranged from 0.04 for PFA-4 to 0.09 for SS and FEP-2.
Further comparative analysis on the basis of fouling resistance is speculative and is thus
not carried out here.
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Figure 5.27: Fouling resistance profiles for fouling tests with bench-scale HEX using WP
solution. n indicates the number of experiments performed. Shaded bands indicate ±
standard error.

Figure 5.28a shows that the fouling rates decreased for all three classes of surface when
cream was added to the WP solution. Some tests with raw milk on SS and FEP-3
were carried out for comparison. Fouling with raw milk tended to be less than with WP
solution. To generate more deposit, the mean surface temperature was set to Ts = 92.5 ◦C.
Nevertheless, it is apparent from Figure 5.28b that this still gave small fouling resistances.
Although the heat duty was corrected to give the set mean surface temperature at a higher
process fluid viscosity, increased shear stress may have let to the low deposition rates.
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Figure 5.28: Fouling resistance profiles for fouling tests in bench-scale HEX with (a) WP
solution with 10 g l−1 milk fat added at Ts = 89 ◦C and (b) raw milk at Ts = 92.5 ◦C.
In (a), upper reference data shows fouling resistance for WP solution with no added
fat. Each experiment in (a) was repeated three times and single tests were performed
with raw milk in (b). Shaded bands indicate ± standard error.

Deposit coverage

The deposit coverages for these tests are presented in Figure 5.29. 90 % confidence inter-
vals, from repeated experiments, indicate a smaller variance than with fouling resistance.
In plain WP experiments, all the coatings exhibited significantly better performance in
mitigating mass deposition than SS, with FEP-3 and PFA-4 performing best. Deposit
coverage was reduced by 50 % when replacing SS with FEP-3.

The average mass deposition rate for SS of 1.5 mg m−2 s−1 was somewhat smaller than the
rate reported by Belmar-Beiny et al. (1993) and much smaller than the mass deposition
rate with the microfluidic HEX using raw milk (c.f. 5.1 mg m−2 s−1). Belmar-Beiny et al.
processed a similar WP concentrate (35 % g g−1 protein, 50 % g g−1 lactose, 4.5 % g g−1 fat
and 6.5 % g g−1 minerals) with a final protein concentration of ~10 g l−1 in solution (cf.
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Figure 5.29: Deposit coverage (dry mass per area) for different surfaces tested in the
bench-scale HEX for a duration of 150 min. Error bars show 90 % confidence intervals.

6.2 g l−1 here) in a tubular SS heat exchanger at surface temperatures of around 80 ◦C
and Reynolds numbers ranging from 2000 to 7000. At Re = 7000 their mass deposition
rate on SS was 2.5 mg m−2 s−1 which gave a mass coverage of 9 g m−2 at the end of 1 h
of operation. Important reasons for their higher deposition rate are the length of their
heated section (c.f. 2.5 m and 0.05 m here), higher bulk temperatures as well as higher
WP concentration.

Adding cream to the WP solution reduced the deposit coverage on all surfaces tested.
Among the experiments with added cream, the differences in coverage were not statisti-
cally significant on a 90 % confidence basis, which is consistent with the fouling resistance
data. Experiments with raw milk gave deposit coverages between those of the WP so-
lution with and without added cream. The relative performance of FEP-3 and SS was
comparable with that obtained for WP solution.

Comparison of the mass coverage with the fouling resistance data allows to deduce in-
formation about the structure and composition of the fouling deposits. Assuming the
deposit to be a uniform slab, Equation 3.44 is used: Rf = mf/ρfkf. A large value of ρfkf
generally indicates a dense deposit with high thermal conductivity. Note that all variables
in Equation 3.44 correspond to properties of the wet layer. Here, mf was measured after
drying, so Equation 3.44 is used to identify differences in structure and composition rather
than absolute values of ρfkf. Figure 5.30 shows that deposit from WP solution on apolar
surfaces is generally different in structure and/or composition than deposit generated on
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SS. This applies both for smooth PP and rough PFA-4. The deposit on apolar surfaces
shares a common ρfkf which is twice as high as the one for deposit generated on SS. This
indicates that the latter deposit is significantly denser and/or more thermally conductive.
The fouling resistances from the tests with added cream and from the tests with raw milk
were too small to study this relationship.

0 5 10 150

0.05

0.1

0.15

R2 = 0.86

SS

PP

FEP-2

PFA-4
FEP-3

mf (g m−2)

R
f
(m

2
K

kW
−

1 )

Figure 5.30: Relationship between final fouling resistance and whey protein dry deposit
mass coverage for different surfaces tested with the bench-scale HEX. Dashed lines
show root mean square fitted equation Rf = mf/ρfkf to find values of ρfkf for polymer
surfaces and SS. For polymer surfaces ρfkf = 105 kg2 m−2 s−3 K−1 and for SS ρfkf =
226 kg2 m−2 s−3 K−1. Error bars show 90 % confidence intervals.

Calcium fractions in whey protein and raw milk deposits

The calcium contents of selected deposits were determined with ICP-MS and the results
are reported in Table 5.5. The calcium fraction of the deposits from WP solution was low
for all surfaces and matched approximately the fraction of 6 mg g−1 in the WP powder.
Thermogravimetric data from deposits on SS and PP (Figure A.1c and d in Appendix A)
indicated that they were devoid of lactose (c.f. WP concentrate data in Figure A.1b) and
featured distinctive peaks of protein degradation also seen in data from pure β-LG (Figure
A.1a). The degradation patterns of deposits generated on SS and PP were very similar
up to 400 ◦C: above this temperature the data was not reproducible. This indicates that
the WP deposits had similar composition but differed in structure.

The calcium content of deposits from the raw milk was noticeably higher, by a factor of
approximately 10. Taking there to be 0.1 g g−1 solids in raw milk, the calcium content
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in the raw milk fouling deposits was about 10 times higher than in milk solids. The
SS deposit contained 25 % more calcium than FEP-3 deposit. The calcium fractions
determined in this work lie within the range reported in the literature. Other researchers
have measured a calcium fraction of around 5 % g g−1 in deposits from raw milk generated
at 100 ◦C on SS after 120 min of processing (Foster et al., 1989). Visser and Jeurnink
(1997) determined 15.7 % g g−1 calcium in deposit generated from skim milk at 69–85◦C
bulk temperature. The amounts of deposit recovered from experiments with added cream
were too small for compositional analysis.

Table 5.5: Calcium fraction of solution dry solids (reproduced from Table 5.1 and 5.3)
and fouling deposits determined by ICP-MS. The raw milk dry solids calcium fraction
is calculated by assuming 0.1 g g−1 dry solids.

Foulant WP solution raw milk

Foulant solution solids (mg g−1) 6 ~10
Surface SS PP FEP-2 PFA-4 FEP-3 SS FEP-3
Deposit (mg g−1) 5.1 6.8 7.5 7.3 6.6 92.3 74.1

Calcium and protein distribution in whey protein deposit

The raw milk deposits from the microfluidic HEX featured more protein at the substrate-
fouling interface on the apolar surfaces. The CLSM micrographs in Figure 5.31 demon-
strate that the local protein and calcium fraction in WP deposits from the bench-scale
HEX were not affected by the nature of the surface. However, the micrographs give further
evidence for a less dense, spongy structure on PFA-4 (see asterisk in Figure 5.31b).
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Figure 5.31: CLSM top views and orthogonal sections of whey protein fouling layers
from the bench-scale HEX on (a) SS and (b) PFA-4. The channels for amine and
calcium signals are labelled -NH2 and Ca2+, respectively. -NH2, Ca2+ designates su-
perimposed channels. Images taken ex situ with 40× oil immersion lens.

Fat in deposits from WP solution with added cream

The amount of fat incorporated into the deposits from WP solution with added cream
varied strongly with the type of surface. On SS, only a few isolated fat droplets were
found with CLSM as shown in Figure 5.32a. Fat in deposits on FEP-3 was arranged in
clusters resembling the shapes of valleys in the surface topography (c.f. 5.32b and 4.1g).

This is further evidence that fat can conceal concave topography features of FP coatings
as experiments with the microfluidic HEX suggested. On PP, the adsorption of numerous
fat droplets of many sizes was evident (Figure 5.32c). The sizes of these droplets were
comparable to the sizes of milk fat globules (see Appendix B). The fat on PP did not
merge to form clusters to the same extent as observed on FEP-3.
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(a) fat on SS (b) fat on FEP-3 (c) fat on PP

100 µm

Figure 5.32: CLSM micrographs of fat at the deposit-sample interface from bench-scale
HEX tests using WP solution with added cream on (a) SS, (b) FEP-3, and (c) PP.
Red indicates fat stained with Nile blue A and images were taken with a 10× lens with
excitation at 633 nm.

Deposit photographs and thickness scans

Photographs of air-dried deposits sorted by surface type and foulant are arranged in Figure
5.33. The layers were thinner at the upstream and downstream edges of the samples and
thickest at the sides of the channel.

On SS (photographs a,ii-v), the deposit was firmly attached and white-grey in colour.
When there was no initial sanitation step and a pH drop occurred (see Figure 5.25), the
deposit was thicker and featured a mud cracking pattern on the sub-millimetre scale (a,iii).
In general, deposit from WP solution appeared to be homogeneous and was cleaned easily
with 0.5 M NaOH. The deposit from raw milk (a,v) was rougher and did not develop into
a homogeneous film. When cleaning it with 0.5 M NaOH, a thin mineral layer remained
at the steel surface.

On PP, layers formed with the WP solution cracked and flaked off after the first seconds
of drying at ambient conditions (b,iii), but the addition of cream resulted in thin deposits
which remained attached and were oily to the touch (b,iv). Similar behaviour was found
for FEP-3 (c,iv) if cream was added. WP deposits on FEP-2 (c,i) detached but also
cracked in the centre of the sample surface, while they exclusively detached at the sides
on FEP-3 (c,ii) and PFA-4 (c,iii). FEP-3 generated deposit with distinct features when
processing raw milk (c,v): Deposits curled themselves up in numerous places, forming
coils of up to 1 mm diameter and 3 mm to 15 mm length.
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Figure 5.33: Representative photographs of dried deposits from bench-scale HEX after
150 min of processing WP solution at V̇ = 8 l min−1, Ts,m = 89 ◦C, Tb,t1 = 61 ◦C on (a)
SS, (b) PP, and (c) FPs. Tests in row (iv) had 10 g l−1 milk fat added and (a,iii) shows
deposit on SS after 195 min of processing WP solution without the initial sanitation
stage. Ts,m was set to 92.5 ◦C when processing raw milk.
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Circular patterns from air bubble growth reported by some researchers (Barish & God-
dard, 2013; Boxler et al., 2013b; Lin & Chen, 2007) were not observed on any of the
surfaces, indicating that pressurising the channel successfully suppressed air nucleation
and boiling. No deposition was observed downstream of the heated stage and there were
no changes of the surfaces visible to the naked eye after repeated use.

Some deposits from WP solution were scanned with the CTS tool (Section 5.3.2). Deposit
thickness maps are presented in Figure 5.34. The thickness on SS ranged up to 60 µm
but was limited to around 30 µm on other samples. On SS (a), thickness contours follow
surface isotherms evident in the thermochromic liquid crystal heat transfer tests (Figure
5.21), confirming the fouling rate to be strongly temperature dependent. On FEP-3 (b),
the fouling thickness appears to increase linearly with distance from the leading edge. In
the white areas on this plot, the data were out of range due to the fouling layer lifting up
at the sides.

(a) SS (b) FEP-3 (c) SS 10 g l−1 fat
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Figure 5.34: Dry thickness of deposit from WP solution generated in the bench-scale
HEX on (a,c) SS and (b) FEP-3 determined by CTS. Dashed lines highlight contours.
Figure (c) shows deposit thickness on SS from WP solution with 1 % g g−1 milk fat
added. Colour scale is uniform for all three plots. White areas indicate values out of
range.

Adding cream to the WP solution (c) reduced the thickness of the deposit, in agreement
with the fouling resistance and mass coverage data. All deposition patterns were axisym-
metric along the channel’s principal axis, indicating satisfactory thermal contact with the
heater and symmetric flow fields.
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The effect of flow rate on WP fouling

The behaviour of dried dairy deposits indicated that their adhesion to apolar surfaces
is weaker than to SS. Thus, the effect of flow rate (and hence shear stress) in WP
fouling was studied in the range from 5 l min−1 to 8 l min−1 for SS and for PFA-4 as a
representative FP. All other variables were left unchanged and the surface temperature
was maintained at Ts = 89 ◦C by adjusting the required heat duty according to Equation
5.2. Higher flow rates than 8 l min−1 could not be achieved because that would have
required the heater temperature to be raised above the maximum operating temperature
of 160 ◦C. Maintaining the assumption of a hydraulically smooth pipe, the Darcy friction
factor, fD, is estimated with the Petukhov correlation (see Equation 5.12) and inserted
into the Darcy–Weisbach equation to estimate the mean surface shear stress (Bergman &
Incropera, 2011)

τm = 1
8ρfD

(
V̇

ab

)2

. (5.13)

The thermophysical properties of WP solution are approximated as those of water (VDI,
2010). The deposit coverage from fouling experiments at different flow rates is presented
in Figure 5.35a. From 5 l min−1 to 7 l min−1 the deposit coverage on PFA-4 is slightly
higher than for SS and increases for both surfaces with a similar trend. Above 7 l min−1,
the deposit coverage on PFA-4 reduces by 50 % compared to SS.
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Figure 5.35: Deposit coverage (dry mass per area), mf, from WP solution in the bench-
scale HEX after a test duration of 150 min at Ts = 89 ◦C for different (a) flow rates,
V̇ , and (b) corresponding average wall shear stresses, τm. Some circles were offset
horizontally for readability and lines are a guide to the eye.
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Figure 5.35b presents the deposit coverage over the corresponding shear stresses deter-
mined using Equation 5.13. Even though the coverage on SS increases more gradually
over shear stress than flow rate, the increase is still disproportionally large. The fouling
resistance data for experiments at flow rates from 5 l min−1 to 8 l min−1 are shown in Fig-
ure 5.36. Note that for SS in (a) and PFA-4 in (b) the fouling resistances become negative,
which indicates drifts in the overall heat transfer coefficient independent of fouling.
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Figure 5.36: Fouling resistance profiles for fouling tests in bench-scale HEX with WP
solution at Ts = 89 ◦C for different flow rates. Experiments were performed once for
graphs in (a-c) and repeated three times for (d). Graphs in (d) are reproduced from
Figure 5.27a for completeness. Shaded bands in (d) indicate ± standard error. Note:
there seems to be a change in overall thermal conductivity independent of fouling,
especially in (a-c).
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Visual inspection (see Figure 5.37) reveals that the appearance of deposits varies slightly
with flow rate. More white deposit on SS at the sides of the channel indicates higher
mass coverage with increasing flow rate (c.f. (a) and (c)). The appearance of deposit on
PFA-4 is similar for all flow rates tested. Due to higher flow velocities in the centre of the
channel, heat transfer is more efficient in the middle of the sample, which can be seen in
Figure 5.21, where the regions near the wall became hotter. If fouling occurs primarily
at the sides of the sample, the overall heat transfer coefficient is not affected to the same
extent as if there would be a uniform fouling layer. Hence, although deposit coverage on
SS increased more than three-fold between 5 l min−1 and 8 l min−1 there was only a small
effect on heat transfer.

(a) SS 5 l min−1

3.7 g m−2

(b) SS 6 l min−1

5.0 g m−2

(c) SS 7 l min−1

7.9 g m−2

(d) PFA-4 5 l min−1

5.7 g m−2

(e) PFA-4 6 l min−1

5.8 g m−2

(e) PFA-4 7 l min−1
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Figure 5.37: Representative pictures of dried deposits from bench-scale HEX after
150 min of processing WP solution at V̇ = 5 l min−1 to 7 l min−1, Ts,m = 89 ◦C, Tb,t1 =
61 ◦C on SS (a-c) and and PFA-4 (d-e). Pictures of deposits at 8 l min−1 are presented
in Figure 5.33.

Discussion

By introducing the sanitation step at the beginning of the experiments, the pH of the WP
solution remained constant and decreased slightly in raw milk. Severe thermal processing
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of milk is known to reduce pH by shifts in the mineral balance, lipolysis and breakdown
of lactose to organic acids (Adnan, 2009). Most importantly, dissolved calcium and phos-
phate become supersaturated at elevated temperature and associate with casein micelles.
Walstra et al. (2005) noted that the molar ratio of Ca/P ≈ 1 of additionally formed
calcium phosphate suggests the following simplified reaction

Ca2+ + H2PO−4 CaHPO4 + H+ . (5.14)

This reaction makes the milk become more acidic over time. The presence of about ten
times more calcium in raw milk than in WP solution could explain why pH decreased
measurably in milk. At the same time, less than 10 % of the calcium in the solution would
be expected to have crystallised after 150 min at a bulk temperature of 60 ◦C (see Figure
2.8 in Walstra et al., 2005).

The fouling mass coverage from WP solution on PP was significantly higher than on FEP-
3 and PFA-4. FPs as a group significantly outperformed SS, with the smoothest surface,
FEP-3, accumulating 50 % less mass. When adding cream, the deposit mass coverages
reduced further but the differences in performances diminished. This surprising result
suggests that milk fat plays a greater role in milk fouling at the conditions tested than
inferred from experiments by previous workers (Foster et al., 1989; Visser & Jeurnink,
1997). The recirculating flow scheme, shear stress in throttle valves, and relatively high
bulk temperature may have led to the association of WP with milk fat (Lee & Sherbon,
2002). Bound fatty acids stabilise β-LG against denaturation (Considine et al., 2007) –
reducing the fouling potential of the solution for all surfaces. Processing raw milk gave
40 % less mass coverage on FEP-3 than on SS, hence the relative performance with raw
milk was comparable to using WP solution.

In contrast to the fouling mass coverage, no statistically significant reduction in fouling
resistance relative to SS could be measured with any of the polymeric surfaces for either
WP solution or raw milk. The variance in measured fouling resistance for repeated
experiments does not allow detailed comparative analysis on this basis. It has been
observed in Figure 5.36a,b that the overall heat transfer coefficient can change even at
non-fouling conditions due to changes of the thermal conduction in the rest of the heated
stack (sample – thermal interface pad – heater – thermistors). Water penetrating the
interfaces between components during experiments was also observed a few times. This
rendered precise measurement of fouling resistance challenging, although repeatability of
the experimental conditions was excellent (see confidence intervals in Figure 5.29).

Some basic conclusions can be drawn from fouling resistance data, however: the induction
period found for PP in Figure 5.27b may be caused due to enhanced film heat transfer
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linked to growing structures on the smooth surface (see Section 3.2.1). In tests with
the smooth SS surfaces this phenomenon was not observed, which indicates that the
induction period on PP may indeed be caused by slow initial mass deposition. McGuire
and Swartzel (1989) hypothesised that a surface material evoking minimal adhesion of
substances from milk has a surface energy of around 30 mJ m−2.

The amount of fat incorporated into the deposits from WP solution with added cream
was found to depend strongly on the type of surface. Kiely and Olson (2003) estimated
the surface energy components of MFGs shown in Table 4.2. The interfacial free energy
of interaction, ∆GIF

123, can be calculated for MFGs in a similar manner to that for β-LG.
Deeper insight is gained, however, by estimating the decay of ∆G123 of a MFG with
diameter D over the separation distance from the heat transfer surface using Equation
2.6 and 2.7. Interaction potentials of a MFG in the vicinity of SS, FEP-3, and PP are
plotted in Figure 5.38 in terms of multiples of the product of the Boltzmann constant (kB
= 1.381× 10−23 J K−1, Atkins, 1986) and temperature (T = 362 K).

When the MFG approaches the SS surface in Figure 5.38a it experiences an attractive
long range force due to Lifshitz-van der Waals interactions. At separations l < 9 nm
hydrophilic repulsion by Lewis acid-base interactions dominates and results in a primary
minimum of −7.5 kBT in the interaction potential at 9 nm. This minimum deepens
with increasing MFG size. Based on this rationale, larger MFGs would be expected to
accumulate close to the steel without making direct contact with the surface. This is
consistent with CLSM images (e.g. Figure 5.32a) showing only a few isolated fat droplets
on the steel surface after a fouling test using WP solution with added cream.

With FEP-3 (Figure 5.38b) the long-range forces are repulsive because γLW1 > γLW3 >

γLW2 , with subscripts 1: MFG, 3: water, 2: FEP-3. At separations l < 9 nm hydrophobic
attraction starts to dominate, however. Thus, MFGs adsorbing to FEP-3 face an energy
barrier proportional to their diameter.

Attraction at all separations is found for PP, i.e. ∆GLW
123(l) and ∆GAB

123(l) are negative
for all l (Figure 5.38c). This explains why numerous fat droplets of many sizes were
found on PP (Figure 5.32c). Since the interfacial energy between fat and PP is negligible
(γ12 << 1 mJ m−2), there is no driving force for MFGs to form clusters as seen on FEP-3.
The mass coverage data in Figure 5.29 shows that PP’s relative performance compared to
FEP-3 is improved when cream was added to the WP solution. This demonstrates that
PP could be attractive in applications where fat from the process stream can be exploited
to form a weak link with the fouling deposit.

Compositional analysis revealed that much more calcium was present in the deposits
generated from raw milk than from WP solution, both in absolute terms and relative to
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Figure 5.38: Interaction potentials over separation distance, l, of a MFG (D = 2 µm)
and flat surfaces of (a) SS, (b) FEP-3, and (c) PP at T = 362 K. LW – Lifshitz-
van der Waals interactions; AB – Lewis acid-base interactions; IF – Total interfacial
interactions.

the amount of calcium found in the dry solids fractions of the fouling solutions. While
the WP concentrate is devoid of casein, in raw milk casein constitutes around 76 % g g−1

of all protein (Bansal & Chen, 2006). In raw milk, about two-thirds of calcium and half
of the inorganic phosphate are bound to casein micelles (Gaucheron, 2005). Calcium
phosphate can deposit indirectly as a constituent of casein micelles which interact with
other proteins through disulphide bonds (Visser & Jeurnink, 1997). The surface chemistry
also affected the calcium fraction of deposits from raw milk: deposits on SS contained
25 % more calcium than on FEP-3. This is consistent with results from the microfluidic
HEX where an affinity for protein was found for apolar surfaces. The calcium and protein
composition of WP deposits was not affected by the nature of the surface, both overall
and locally. Consequently, in the tested conditions WP fouling is dominated by protein
deposition and calcium phosphates play a minor role.

Fouling resistance data, deposit coverages and CLSM micrographs suggest that WP de-
posits on polymeric surfaces were less dense and contained more water. The greater
roughness of FP coatings compared to SS may have facilitated the attachment of spongy
structures, but deposit on smooth PP was also significantly less dense. Effects of surface
chemistry on deposit structure have been reported previously, e.g. Rosmaninho and Melo
(2006) found crystals from simulated milk ultra-filtrate grown on PTFE to be thinner,
but taller and more numerous than on SS.

Adhesion to SS was stronger than to apolar surfaces. Findings for SS are comparable with
results of Liu et al. (2006) who measured the apparent adhesive and cohesive strength
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of deposits generated from WP solution at around 90 ◦C. Similarly, they found adhesion
to be significantly stronger than cohesion. Thick deposits on apolar surfaces tended to
coil up on drying. Non-detaching layers from PP and FEP-3 were thin without exception
(Figure 5.33b,iv and c,iv). This is a strong indication of competition between adhesive
and cohesive forces. Thicker deposit gives rise to overall stronger cohesive forces, while
adhesion is largely unaffected. Consequentially, there would be a threshold thickness for
detachment on drying and – against intuition – thick dry deposits on apolar surfaces
are easier to clean by mechanical means than thin ones. Deposits from raw milk were
less homogeneous than from WP solution. On FEP-3, these inhomogeneities lead to weak
points or localised stresses and made the layer coil up in numerous places (Figure 5.33c,v).

At flow rates from 5 l min−1 to 7 l min−1 the deposit coverages fromWP solution on SS and
PFA-4 were comparable and increased with flow rate. A steady rise in coverage on SS with
increasing flow rate could indicate the importance of mass transfer in the fouling process.
The trend changed for PFA-4 at 8 l min−1 with deposit coverage reducing to half of the
coverage on SS at the same flow rate. Britten et al. (1988) studied the effect of surface
energy on fouling from raw milk with a range of polymer surfaces. They also found the
deposit coverage from raw milk to be independent of surface chemistry at low wall shear
stress. Their results indicated that apolar surfaces could give a lower activation energy
for the desorption process and postulated that “this indicates that a material showing
a surface energy sufficiently low, especially with respect to its polar contribution, could
result in an activation barrier for desorption lower than the surface shear energy supplied
by the flowing fluid.” The data suggests that such postulated regime applies to PFA-4
above a flow rate of 7 l min−1 and a mean wall shear stress of 0.3 Pa at the conditions
studied.

5.6 Summary

The results from the two experimental HEXs demonstrated that FPs can mitigate fouling
from raw milk and WP solution. This reduction was generally more significant in mass
coverage and less pronounced in terms of pressure drop and fouling resistance evolution
over time. In tests with WP solution the deposits on apolar surfaces had lower thermal
conductivity and/or density. The surface affected the structure of the deposit, even though
the deposit was much thicker than the expected range of surface interactions. Apolar
surfaces gave spongier deposits, although the deposit’s protein and mineral composition
was unaffected by the nature of the surface.

Based on the results from the microfluidic HEX experiments, it can be concluded that,
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at the interface, raw milk fouling deposit is richer in protein when generated at apolar
surfaces than on SS. This difference in composition manifested also in lower calcium mass
fractions of the bulk material generated with the bench-scale HEX.

The attraction of denatured protein towards apolar surfaces and the formation of a cal-
cium phosphate layer on SS at later stages of fouling was explained with arguments based
on the interfacial free energy of interaction of these materials in water. Explanation for
the low adhesion and detachment of dry deposits on apolar surfaces followed the same
arguments and underpinned their validity. It was shown that triglycerides present in the
process fluid or in form of a pre-wetting film can reduce deposit attachment. PP was
most effective in adsorbing fat from MFGs because its interaction potential with globules
is negative at all distances.

At the conditions tested, a wall shear stress threshold of 0.3 Pa for low mass coverage was
identified for PFA-4. The next chapter explores whether the experimentally determined
fouling performance of FP coatings justifies their industrial application in regenerative
sections of UHT sterilisers.
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Chapter 6

Economic potential of FP antifouling
coatings in UHT plate HEXs

6.1 Setting up the case

In this chapter the findings from the previous chapters are utilised to estimate the eco-
nomic potential of FP coated plate HEXs in the UHT treatment of milk. Due to its
simplicity, the lumped model from Section 3.2 is preferred over the numerical model for
this application. There are a number of requirements towards the experimental fouling
data and test conditions which are utilised in this analysis:

(i) The fouling tests should be conducted with ‘real milk’ to account for the product
which is processed in the dairy. As shown earlier, WP solution which is often used
as milk simulant, can show very different behaviour.

(ii) The HEX geometries used in fouling tests should be representative of industrial
equipment. The bench-scale HEX only approximates a simple plate HEX.

(iii) The test conditions should be comparable to industrial conditions: e.g. flow rate,
flow regime, shear stress and temperature profiles.

(iv) The test duration should be comparable with processing times of industrial equip-
ment, i.e. in the order of a 8 h working shift or more.

Over the course of the project discussions were held with a dairy company about con-
ducting trails with real milk on FP coated plates in their pilot plant, but these did not
come to fruition. To adequately account for the requirements listed above, fouling data
from Lalande et al. (1984) are utilised here. They studied UHT fouling of pre-pasteurised
whole milk in a pilot scale SS plate HEX during regenerative heating (5–120 ◦C), water
heating (120–138 ◦C), and cooling (138–5 ◦C). Each test consumed from 1700 to 5100 l
of milk. They found proteinaceous type A fouling in the regenerative section (similar to
what has been generated with the microfluidic and bench-scale HEX) and mineral-rich
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type B fouling at the hot end of the water heated section. At intermediate temperatures
from, 120 to 130 ◦C, there was little fouling. A schematic of a comparable process with a
similar temperature profile is depicted in Figure 6.1. The temperatures in the schematic
correspond to the clean system at steady state.

5 ◦C
ṁ = 10 t h−1 138 ◦C120 ◦C

5 ◦C
23 ◦C

Milk
Heating medium
Cooling medium

(1) (2)

(3)

(4)

Figure 6.1: Simplified schematic of a plate HEX used for UHT treatment of pre-
pasteurised milk based on Bylund (2015) and Lalande et al. (1984). The (1) regener-
ative, (2) heating, (3) holding and (4) cooling sections are indicated.

In this process 86 % of the heat duty is provided by the regenerative heating section
(labelled 1 in the schematic). To maintain throughput, a reduction in this section’s
heat duty (due to fouling) has to be compensated for by increasing the utility water
temperature or flow rate in the subsequent heating section (2): this is common practice
in dairy operation (Bylund, 2015). There is a marginal cost associated with supplying
heat at a higher temperature. In the worst case one runs into a constraint because the
duty may not be able to be supplied at the desired rate and the desired temperature.
This was analysed by Ishiyama, Paterson, and Wilson (2009) who looked at thermal
and pressure drop limitations in refinery pre-heat trains. Furthermore, fouling in the
regenerative section increases the cooling load in section (4). Hence, for the steriliser
there are two major thermal costs: (i) the cost of increasing the temperature or flow rate
of the hot utility water, and (ii) the increase in cooling utility because the regenerator
does not remove sufficient heat due to fouling.

Lalande et al. (1984) reported average fouling mass coverages in the regenerator after
different operating periods. Assuming a deposit thermal conductivity of 0.5 W m−1 K−1

and a density of 1030 kg m−3 (Georgiadis & Macchietto, 2000) the fouling resistance at
the end of these tests can be estimated with Equation 3.44. Figure 6.2a shows the Rf –
t′ profile estimated from the Lalande et al. (1984) data fitted to the asymptotic fouling
model (Equation 3.3). Considering that the channels in a plate heat exchanger are very
narrow, the maximum fouling layer thickness is constrained to be smaller than half the
channel width. Here, a maximum thickness of 1 mm was set, which gives an asymptotic
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fouling resistance of R∞f = 2 m2 K kW−1. Comparing the obtained asymptotic fouling
profile (black line) with the linear fouling model (dashed line) from the techno-economic
study on milk fouling by Gomes da Cruz et al. (2015) using data taken from Barish and
Goddard (2013), it is clear that their estimation gave very similar results for processing
periods up to a day long. Both profiles feature induction periods of a few hours.

To illustrate the breadth of data reported in the literature, Figure 6.2b shows data from
experiments with skim milk reported by Fryer (1986) using a heated SS tube with an
internal diameter of 4.6 mm. The experiment, conducted with a wall temperature of
102 ◦C and a Reynolds number of 4350, resulted in rapid and severe fouling. Assuming
a typical clean heat transfer coefficient for a plate HEX of Ucl = 5 kW m−2 K−1 (Bylund,
2015) a HEX subject to these fouling kinetics would suffer a reduction in performance
of 50 % within the first three minutes (Bif = RfUcl = 0.2 m2 K kW−15 kW m−2 K−1 = 1).
Application of these kinetics to simulate an industrial process is not considered realistic.
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Figure 6.2: Fouling resistance evolution of SS HEX in UHT case study. In (a), crosses
show fouling resistances calculated from deposited masses in a regenerative heating
section reported by Lalande et al. (1984) with a fit to Equation 3.3 shown as black
line (Parameters: tind = 3.5 h, tf = 46.6 h, R∞f = 2 m2 K kW−1). The grey area shows
simultaneous 95 % confidence bounds of the fit with R2 = 0.85. The dashed line shows
the fouling resistance from techno-economic study by Gomes da Cruz et al. (2015). Plot
(b) shows fouling data reported by Fryer (1986) using skim milk. Note the different
axes in (a) and (b).

Experiments with FP coatings in the bench-scale HEX have shown that fouling from raw
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milk could be reduced by 39 % on the basis of mass. Experiments with WP concentrate
gave a reduction by 53 % in mass and around 30 % in final fouling resistance. FP coated
samples in the raw milk fouling experiments with the microfluidic HEX reduced deposition
by up to 36 %. It is not possible to infer the reduction of fouling in the considered
regenerator of Figure 6.1 confidently. One can, however, make an educated guess by
taking the average of the above reductions, giving 39.5± 9.8 %. With this, the asymptotic
fouling resistance of the FP coated regenerative section is reduced to R∞f,coat = (1 −
39.5± 9.8 %)R∞f = 1.21± 0.12 m2 K kW−1. The fouling timescale is not changed.

Other case study parameters of the uncoated and coated unit are summarised in Table 6.1.
The coated HEX is much larger than the uncoated unit because of the thermal resistance
of the coating. Simply using a larger SS HEX may be financially attractive since more
load is taken from the heating and cooling section. This is, however, not considered here
as this is a universal option which is applicable to any HEX, also a coated one.

Table 6.1: UHT steriliser case study parameters.

Design
A Regenerative section area, uncoated1 14.0 m2

Acoat Regenerative section area, coated2 38.6 m2

Coating and thermal properties
Rcoat Coating thermal resistance3 0.351 m2 K kW−1

cp Milk heat capacity4 3950 J kg−1 K−1

Ucl Clean overall heat transfer coefficient, uncoated5 5000 W m−2 K−1

Qcl Clean heat duty 1.26 MW

Fouling performance
tind Induction period, uncoated and coated 3.5 h
R∞f Asymptotic fouling resistance, uncoated 2.00 m2 K kW−1

R∞f,coat Asymptotic fouling resistance, coated 1.21 m2 K kW−1

tf Fouling timescale, uncoated and coated 46.6 h
τ Cleaning period, uncoated and coated5 78 min

Table continues on the next page

1set by the author
2calculated using Equation 3.37
3see FEP-3 in Table 4.1
4data taken from Fernández-Martín (1972a) for milk with 4 % fat and 6 % other solids
5data taken from Bylund (2015)
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Operation
ṁc, ṁh Cold and hot stream mass flow 10 t h−1

Tc,in Cold stream inlet temperature 5 ◦C
Th,in Hot stream inlet temperature 138 ◦C

Costs
cE Cost per unit heat not transferred 25.5 US$ GJ−1

Ccl Cleaning cost6 150 US$
tlf Asset lifetime (depreciation) 2 year

Since fouling increases the cooling and heating load to the same extent, the cost per
unit heat not transferred due to fouling is calculated as the sum of the two. The av-
erage non-household cost of natural gas including all taxes and levies was 0.035e/kWh
(12.0 US$ GJ−1) in the EU during the first half of 2017 (Eurostat, 2017b). The price for
electricity during the same period was 0.14e/kWh (47.2 US$ GJ−1) (Eurostat, 2017a).
Refrigerators typically remove around 3.5 units of heat per unit of electricity consumed
(Alsaad & Hammad, 1998), so the total cost per unit heat not transferred due to fouling
is taken as cE = 12.0 US$ GJ−1 + 47.2 US$ GJ−1/ 3.5 = 25.5 US$ GJ−1. The asset life-
time (here, the lifetime of the coating) is set to two years, which is much shorter than
the lifetime of the SS base unit and reflects the vulnerability of the polymer layers to
degradation.

6.2 Results and discussion

Figure 6.3 shows the objective functions (Equations 3.5a,b,c) for the uncoated and coated
unit over the processing period. The coated unit (red lines and marks) transfers more
heat and has lower operating costs than the uncoated unit (black lines and marks). To
illustrate the effect of the increased heat transfer area resulting from the thermal resistance
of the coating, the orange lines indicate the hypothetical case of a HEX with the coating
possessing no thermal resistance. This shows that around half of the improvement in the
objective functions stems from the increase in heat transfer area (which incurs a higher
capital cost).

The approximate optimal processing periods for the uncoated unit (shown as black dots in
Figure 6.3) deviate markedly from the exact solutions because a4 = 1.74� 2.8. Hygienic

6data taken from Gomes da Cruz et al. (2015)
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considerations, however, may constrain the maximum possible processing period. Tetra
Pak (2007) tested consumption milk pasteuriser run times of around 20 h and found no
risk to food safety and quality. Here, the effect of a hygienic constraint on the economics
of the coated unit will be modest if it is allowed to be operated for more than 20 h.
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Figure 6.3: Effect of processing period length on (a) time averaged heat duty, (b)
time averaged operating cost, and (c) operating cost per heat transferred for uncoated
(black) and coated (orange, red) stainless steel HEXs in UHT case study. Orange lines
and marks show the case of a HEX with the coating possessing no thermal resistance.
Crosses – optimal processing periods; solid dots – approximate optimal processing
periods.

The optimised schedules and performance indices for the uncoated and coated HEX are
summarised in Table 6.2. The coating (coated HEX A) extends the optimal processing
periods by a factor of 1.58 to 2.97, depending on the objective function which is used for
scheduling. When scheduling for maximum qm, 8 % more heat is transferred by the coated
HEX, while costs are halved when optimising for φop or φQ. The column ‘coated HEX
B’ summarises the results for the hypothetical unit with a coating having no thermal
resistance. This case shows the cost reduction resulting from the superior fouling perfor-
mance rather than an increase in heat transfer area. The improved fouling characteristics
introduce cost reductions by 16 to 19 % when optimising for φop or φQ, respectively.

The capital costs of the base units, Cbase, are now considered. According to Hewitt
and Pugh (2007), a SS plate HEX with a heat transfer area of around 100 m2 cost ap-
proximately 100 £ m−2 in 1995. Conversion into US$ and updating it with the chemical
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Table 6.2: Comparison of optimal performance indices in UHT case study (parameters
in Table 6.1). topt and topt,approx are calculated with Equation 3.4a-c using the exact
and approximate heat duty, respectively.

Uncoated Coated Coated Units
HEX HEX A HEX B

Design
Rcoat – 0.351 0 m2 K kW−1

Ucl 5000 1815 5000 W m−2 K−1

a4 1.74 4.36 2.22 1

Optimised schedule for maximum qm

topt + τ 10.6 + 1.3 23.6 + 1.3 13.6 + 1.3 h
topt,approx + τ 15.0 + 1.3 25.6 + 1.3 17.2 + 1.3 h
topt,coat/topt – 1.58 1.28 1
qm,opt 10.6 11.4 10.9 MW
qm,coat,opt/qm,opt – 1.08 1.03 1

Optimised schedule for minimum φop

topt + τ 16.6 + 1.3 38.2 + 1.3 21.5 + 1.3 h
topt,approx + τ 22.3 + 1.3 40.2 + 1.3 25.9 + 1.3 h
topt,coat/topt – 2.30 1.30 1
φop,opt 28.9 15.6 24.1 US$ h−1

φop,coat,opt/φop,opt – 0.54 0.84 1

Optimised schedule for minimum φQ

topt + τ 15.2 + 1.3 36.3 + 1.3 20.0 + 1.3 h
topt,approx + τ 21.1 + 1.3 38.5 + 1.3 24.6 + 1.3 h
topt,coat/topt – 2.97 1.32 1
φQ,opt 7.7 3.8 6.2 US$ GW−1

φQ,coat,opt/φQ,opt – 0.49 0.81 1

engineering plant index to 2017 yields an installed cost of 228 US$ m−2. For the following
steps it is assumed that cleaning scheduling is done to minimise φop. Table 6.3 summarises
the capital costs and maximum coating costs of the three options. The capital costs are
negligible compared to the operating cost incurred by fouling. This is partly because
of the high heat transfer coefficient (performance per area) of plate HEXs and because
of the substantial costs of heating and cooling involved. The column ‘coated HEX B’
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attempts to calculate the value of the coating by using the reduction in operating cost
attributable to the coating and considering the larger heat transfer area which needs to
be installed. The maximum coating cost of 1950 US$ m−2 needs to be shared between the
coating manufacturer and operator.

Table 6.3: Capital costs and maximum coating costs per area of the HEXs considered
in the UHT case study with parameters given in Table 6.1.

Uncoated Coated Coated Unit
HEX HEX A HEX B

Rcoat – 0.351 0 m2 K kW−1

Capital cost of the base unit
Cbase 3197 8808 8808 US$

Time averaged cost
φbase = Cbase/tlf 0.18 0.50 0.50 US$ h−1

φopt = φop,opt + φbase 29.1 16.1 24.6 US$ h−1

φopt,coat/φopt – 0.55 0.85 1

Max. coat. cost per area: new, greenfield unit
ccoat,max,new = – 5896 2041 US$ m−2

(φopt − φopt,coat)tlf/Acoat

Max. coat. cost per area: revamped unit
ccoat,max,rev = – 5805 1956 US$ m−2

(φop,opt − φopt,coat)tlf/Acoat

Müller-Steinhagen and Zhao (1997) stated the low thermal conductivity of polymers such
as PTFE was one of the main disadvantages of polymer based antifouling coatings in
HEXs. This did not hold true for the case study coatings in Chapter 3 because the
coatings were thin and the clean heat transfer coefficients of the uncoated units were
relatively small. Here, the thermal resistance of the coated unit required a substantial
increase in heat transfer area for identical heat duty. This highlights the importance of
developing coatings with lower thermal resistance.

Further tests could establish whether the lower adhesion and the nature of the fouling
deposit on the FP enhances cleaning. This could either reduce the cleaning cost through
lower detergent consumption and disposal or by shortening the time required to remove
the deposits from the heat transfer surface. Figure 6.4 is a map of coating values for
different degrees of improvement. The value of such coatings ranges from 1956 (the
current case ‘Coated HEX B’) to a maximum possible value of around 12 500 US$ m−2
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for a coating which enables instant cleaning at no cost. A first order Taylor expansion
about the parameters used for the case ‘coated HEX B’ illustrates the incremental return
of improved coating performance (subscript ‘new’) on the economic value:

ccoat,max,rev =
(

11546− 4200
R∞f,new
R∞f,coat

− 3000Ccl,new

Ccl
− 2390τnew

τ

)
US$ m−2. (6.1)

The magnitudes of the coefficients in the individual terms indicate the financial returns
of improvements of the respective performance characteristics relative to the base case.
Developments either to mitigate fouling or promote cleaning of UHT plants are justified
by substantial financial benefits. The pay-off of further developments is greatest for a
reduction in asymptotic fouling resistance, followed by reduced cleaning costs and clean-
ing time. The effort associated with improvements of these characteristics is, however,
unclear at this point but may become clearer at later stages of coating development and
assessment.
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Figure 6.4: Effect of cleaning enhancement on value prices of coatings for different ratios
of cleaning costs, Ccl,coat/Ccl and five dimensionless cleaning period lengths, τcoat/τ .
The grey solid circle marks the case study unit ‘coated HEX B’.

6.3 Summary

The value of a FP antifouling coating in a UHT plate HEX was quantified by combining
the lumped techno-economic model developed in Chapter 3 with experimental data taken
from Lalande et al. (1984) and coating performance data from Chapter 5. The coating
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reduces the heating and cooling load by reducing fouling in the regenerative section.
Furthermore, longer operating periods reduce downtime and cleaning costs. The value
of the coating was considered by assuming a coating thermal resistance of zero, hence
suppressing effects of a varying heat transfer area. Due to the coating, the operating cost
reduced by 16 % which gave the coating a value price of around 2000 US$ m−2. A Taylor
expansion about the parameters used for the coated case revealed that there is scope for
considerable incremental return on improved coating fouling and cleaning performance.
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Chapter 7

Conclusions and future work

This chapter summarises the key-findings of this dissertation and identifies work for fur-
ther investigation. Conclusions from experimental and techno-economic work are consid-
ered separately and an outlook is given in the final section.

7.1 Conclusions

7.1.1 Experimental studies

Two experimental apparatuses were designed and constructed to study fouling of milk
and WP solution at temperatures prevalent at the hot end of a pasteuriser or in the
regenerative heating section of a UHT steriliser.

The microfluidic HEX apparatus was designed to operate in the laminar flow regime and
to have the the capability to probe the local composition of delicate fouling deposit in-situ
with histology techniques employing CLSM. The mean wall-shear stress in tests ranged
from 3 to 6 Pa. Fouling monitoring by measuring pressure drop across the microfluidic
cell was more precise than by using thermal data.

A larger bench-scale HEX operated in the turbulent flow regime was more representative
of conditions in an industrial plate HEX, albeit with smaller average wall shear stresses
of 0.17 to 0.39 Pa. Fouling resistance time series were used as indicators of fouling perfor-
mance but measurements of final deposit masses were more reproducible. The rig bridged
the gap from laboratory- to industrial-scale.

Results from the two experimental HEXs demonstrated that FP coatings can mitigate
fouling from raw milk and WP solution. The surface properties affected the structure and
composition of the deposit. At the interface to apolar surfaces, raw milk fouling layers
were high in protein whereas a strongly attached mineral-rich layer was present at the
interface to SS. The larger fraction of minerals in deposit generated on SS was confirmed
with ICP-MS, which measured a higher calcium content of raw milk deposit on SS than
on FEP-3. In tests with WP solution the deposits on apolar surfaces were more spongy
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and had a lower thermal conductivity and/or density than on SS. The calcium fraction
was similar, however.

In general, the surface affected the structure and composition of the deposit, even though
the deposit was much thicker than the range of surface interactions. The attraction of
denatured protein towards apolar surfaces and the formation of a calcium phosphate layer
on SS at later stages of fouling was explained with arguments based on the interfacial
free energy of interaction of these materials in water. Explanation for the low adhesion
and detachment of dry deposits on apolar surfaces followed the same arguments. It was
shown that triglycerides present in the process fluid or in form of a pre-wetting film can
reduce deposit attachment. PP was most effective in adsorbing fat from MFGs because
its interaction potential with globules is negative at all distances.

At the conditions tested in the bench-scale HEX, a wall shear stress threshold of 0.3 Pa
for low mass coverage was identified for PFA-4. Above this threshold, deposition was
lower on PFA-4 but kept increasing on SS.

7.1.2 Techno-economics of antifouling coatings

A spatially resolved numerical model and a lumped model were developed to assess the
financial attractiveness of antifouling coatings. The two approaches were introduced with
case studies based on data reported in the literature. Underlying of these techno-economic
assessments is the cleaning-scheduling problem which attracted widespread interest by
previous researchers.

Utilising the NTU -effectiveness method with linear and asymptotic fouling models pro-
vided valuable insights, such as identifying scenarios where cleaning of HEXs is not attrac-
tive. Explicit solutions were identified for cases of equal heat capacity flow rate, which
apply to various applications of preheaters and economisers where the stream on one
side of the exchanger passes the other side at a later time. It was shown that cleaning-
scheduling based purely on thermal arguments always gives operating periods shorter than
scheduling based on financial considerations including the cost of cleaning. The method-
ology is, in general, not only applicable to HEX cleaning-scheduling and value pricing
of coatings but also for techno-economic analysis of any kind of antifouling and cleaning
technique. The development of this model is therefore one of the major achievements
within this thesis.

In the second modelling part the enthalpy balances of a counter-current HEX were solved
together with a fouling model to predict the fouling dynamics of a simple HEX subject
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to crystallisation fouling. Although the numerical model provided physical insight into
fouling kinetics and would – in principle – allow predictions of fouling behaviour in other
flow fields and geometries, it requires a substantial amount of experimental data for
parameter estimation.

The data from coating characterisation and fouling tests with the microfluidic and bench-
scale HEX were utilised in a final case study on the economics of a generic FP antifouling
coating applied in the regenerative heating section of a UHT steriliser. To compensate
for the thermal resistance of the coating with a performance similar to those tested in
the experimental sections, the heat transfer area of the coated unit had to be increased
substantially. As a result of the reduction in fouling and the increase in heat transfer
area, the application of the coating extended the optimal processing period and lowered
the operating cost. The value of the coating inferred from the reduction in fouling was
estimated to be around 2000 US$ m−2. Further guidance on the marginal benefit of coating
improvements was given.

7.2 Future work

7.2.1 Experimental studies

After finalising the experimental work with the bench-scale HEX in Cambridge the unit
was shipped to Chemours, Belgium for further studies. The local staff were trained
in operation and maintenance of the HEX apparatus. In the future, researchers and
research students will conduct experiments on fouling and cleaning of FP coated surfaces.
An interesting question is whether the compositional differences between deposits on
FP surfaces and SS allow different cleaning methodologies. The high protein content of
deposits at the interface to apolar surfaces may allow complete removal by an alkaline
cleaning solution. A less intense acid-stage to dissolve mineral-rich deposit may suffice or
may be omitted entirely.

Fouling experiments with the bench-scale HEX at different flow rates (Figure 5.35) indi-
cated that deposition is suppressed or removal is enhanced on PFA-4 at flow rates above
7 l min−1, whereas the fouling mass on SS grew steadily within the range of flow rates
tested. This suggests that there are two relevant mechanisms in series, the first (e.g.
mass transport) giving increased deposition with flow rate irrespective of the surface
properties and the second being a surface specific deposition limiting factor. This limit-
ing factor may be a surface specific sticking probability. Jeurnink et al. (1996) studied
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deposition of heated whey proteins on chromium oxide surfaces and developed a fouling
model with subsequent stages: (i) activation of molecules, (ii) transport to the surface,
and (iii) attachment characterised by a sticking probability. They found a sticking prob-
ability of much less than one for chromium oxide. There is reason to suspect that the
sticking probability on other surfaces is different and varies with shear stress or residence
time.

Histology techniques and ICP-MS indicated that apolar heat transfer surfaces promoted
the formation of proteinaceous interfacial layers, whereas SS promoted the formation of
a calcium phosphate-rich layer. Further studies analysing the local composition at the
interface could e.g. elucidate which form of calcium phosphate is generated. Following
arguments based on interfacial free energy, a layer of hydroxyapatite would be expected
(see Figure 5.17).

Performing fouling tests does certainly involve a lot of working hours and manual work,
especially if different surfaces are to be tested. Experiments with the microfluidic HEX
demonstrated that the results are useful and comparable to results from larger scale
units like the bench-scale HEX. It became clear that fouling tests could in principle
be automated in a similar set-up. Repetitive cycles of fouling and cleaning could be
done autonomously by pumping solutions with peristaltic pumps through a microfluidic
HEX. Pressurising the unit would render degassing procedures before the experiment
unnecessary. For extended operation time, biologically active species like raw milk could
be cold-stored in a fridge and be heated just prior injection into the fouling cell (c.f. the
pre-heater (11) in Figure 5.3).

7.2.2 Techno-economics of antifouling coatings

The developed techno-economic models remain effective tools to supplement experimental
fouling and cleaning studies. The operational and financial benefit arising from any
identified performance improvement can be easily computed.

To enable predictions of fouling in HEXs with different design and operating condi-
tions, a mechanistic fouling model (similar to the one described in Section 3.3) could
be parametrised for a specific foulant on SS and FP coatings. This will require a set of
fouling experiments e.g. at different flow rates, temperatures, and foulant concentrations.
At last, this will help to demonstrate and optimise the application of FP coatings in
other cases of interest. Ideally, careful analysis of the experiments could provide further
insight into fouling mechanisms on different surfaces, e.g. information about sticking
probabilities.
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7.2.3 Millimanipulation

An improved millimanipulation tool, described in Appendix E, was designed and manu-
factured during this project. The tool was not applied to milk fouling deposits because
they were thinner than anticipated. It was, however, successfully applied to measure the
adhesive and cohesive strength of baked sponge cake batter on various surfaces (see Ap-
pendix E). In the context of future milk fouling cleaning studies, this technique is suitable
to quantify the release characteristics of antifouling coatings – given a sufficient deposit
thickness.

In conjunction with models predicting adhesive and cohesive behaviour, fouling layer
properties and interface interactions can be further analysed. By abruptly stopping the
scraping process, stress relaxation may be measured in situ. The rheological properties
of soft solid layers could be deduced by comparing experimental observations (stripping
speed, force, deformation) with structural or fluid dynamic simulations of the scraping
process. Combining this information with compositional data would give a better under-
standing of the complex interactions in fouling layers.
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Appendix A

Thermogravimetric analysis
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(b) WP concentrate
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(c) WP deposit on SS
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(d) WP deposit on PP

Figure A.1: Thermogravimetric analysis (TA instruments Q500) results of (a) β-LG,
(b) Hiprotal WP 35 concentrate and bench-scale HEX deposits from WP solution
on (c) SS, and (d) PP. Samples were heated with a rate of 10 K min−1 in a nitrogen
atmosphere (purge rate 60 ml min−1). Note that the data is only reproducible up to
400 ◦C in (b) and (c). The following peaks are marked: W – water evaporation; L –
lactose decomposition (Listiohadi et al., 2009); Pr – protein decomposition.
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Appendix B

Raw milk CLSM micrographs

(a) Raw milk as received at 6 ◦C (b) Raw milk heated to 56 ◦C

(c) Raw milk heated to 56 ◦C and ul-
trasonicated for 45 min at 20 kPa ab-
solute pressure

Figure B.1: CLSM images of raw milk as received (a) and treated (b,c). Milk fat
globules were stained with Nile blue A and images were taken with a Leica TCS SP5
(40x oil immersion lens) with a helium-neon laser excitation at 633 nm.
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Appendix C

Microfluidic HEX fouling resistance evolution
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(d) PFA-2 + oil precoat
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Figure C.1: Fouling resistance profiles for raw milk fouling tests with microfluidic HEX
on (a) PFA-2, (b) PFA-3, (c) PTFE-1, (d) PFA-2 oil precoated and (e) FEP-2 fat
precoated. n indicates number of experiments and shaded bands indicate ± std. err.
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Appendix D

Bench-scale HEX rig graphical user interface

(a)

(b)

Figure D.1: Graphical user interface of the bench-scale HEX rig. (a) process diagram
with instantaneous measurement data and set-point input boxes. (b) selected mea-
surement data shown over time after a fouling experiment on SS.



140

Appendix E

Appended publication on Millimanipulation

The adhesive and cohesive strengths of fouling deposits are of particular interest when
designing cleaning routines as they determine the mechanism and rates at which the
deposit is removed. Soft solid fouling layers are highly non-uniform since they experience
a wide range of conditions during their build-up. Unlike other soft solid materials, such as
petroleum jelly, the rheological properties of fouling layers cannot be studied in common
rheometers because removing them induces damage. Furthermore, standard rheometers
are not able to measure layer properties as a function of position. Consequently, fouling
layer adhesion and rheological properties have to be studied in situ, on the heat transfer
surface. Experimental techniques for doing this can be categorised as methods employing
controlled strain and controlled shear stress conditions (Ali et al., 2015).

Hydrodynamic approaches employ controlled (or estimated) shear stress conditions. Ali
et al. (2015) gave an overview of hydrodynamic methods such as the parallel plate flow
cell, impinging jet, radial flow cell, rotating disk and fluid dynamic gauging. They noted
that none of these techniques provides a direct measure of the forces within a deposit
or the strength of attachment. An alternative method was presented by Mayer et al.
(2012) who measured the forces to remove individual CaCO3 crystals with a bending-
beam arrangement in an electron microscope stage.

Controlled strain methods have also been employed. Zhang et al. (1991) studied the
deformation of cells with a ‘micromanipulation’ technique, which squeezes a single cell
between the ends of two optical fibres. Liu et al. (2002) modified this set-up to investigate
the adhesive and cohesive behaviour of different fouling layers.

Inspired by the work of Liu et al., Ali et al. (2015) developed a technique called ‘milli-
manipulation’, where a vertical stainless steel probe ploughs through a deposit layer at
a defined speed. Stripping the layer at different positions is possible. This allows non-
uniform material properties to be quantified. Their tool was was designed to work with
layer thicknesses in the order of millimetres, whereas that of Zhang et al. was intended
for features with characteristic lengths less than 100 µm.

Within this project, a next generation millimanipulation tool was manufactured to the
author’s specifications. It was designed to overcome the problems faced with the set-up
described by Ali et al. (2015), namely
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i) friction at the probe mounting, which led to hysteresis effects due to self-locking.

ii) the range of measurable forces was fixed.

iii) limited space around the sample hindered observation and positioning of additional
equipment.

iv) a force component due to wall shear stress beneath the probe impeded measurement
data interpretation.

The fouling layers generated within this project turned out to have thicknesses in the order
of micrometres – too thin for effective study with the millimanipulation device. The tool
was, however, used to investigate the effect of surface coatings on the detachment of
baked sponge cake batter, which contained approximately 1/3 bubbles by volume in a
‘continuous’ phase of emulsified oil in a flour/syrup suspension. Detachment in the dry
state was studied for aluminium, 304 SS and seven different fluoropolymer coatings. The
surfaces differed in surface energy and roughness. The shear force required to detach baked
cake, the work done, and the mass of residue remaining on the surface were measured.
The ability of oil to displace water from a surface was shown to be a key factor determining
adhesion of these materials. A publication describing the millimanipulation tool and its
application is appended below.

Bibliographical data:

Magens, O. M., Liu, Y., Hofmans, J. F. A., Nelissen, J. A., & Ian Wilson, D. I. (2017).
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ropolymer coating characteristics on the detachment of cake from baking surfaces. Journal
of Food Engineering, 197, 48–59.
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a b s t r a c t

The effect of surface coating on the detachment of a complex microstructured food material, was
investigated using an improved version of the millimanipulation device described by Ali et al. (2015 Food
& Bioproducts Processing, Vol. 93, 256e268). The test material was baked sponge cake batter, which
contains approximately 27 vol% bubbles in a ‘continuous’ phase of emulsified oil in a flour/syrup sus-
pension. Detachment in the dry state was studied for aluminium, 304 stainless steel and seven different
fluoropolymer coatings. The surfaces differed in surface energy and roughness. The shear force required
to detach baked cake, the work done, and the mass of residue remaining on the surface were measured.
Virtually all samples detached by cohesive or mixed failure, where adhesion to the surface was stronger
than or comparable with cohesive interactions within the cake. The shear force was almost independent
of surface composition, energy and roughness, but strongly related to the oil content of the cake. The
mass of residue was found to be linearly dependent on the calculated work of adhesion of oil to the
surface in an aqueous environment. The quantitative findings are consistent with confocal microscopy
images of uncooked batter contacting polar and non-polar surfaces which show very different oil
spreading behaviour at the batter-substrate interface. The ability of oil to replace water from a surface is
shown to be a key factor determining adhesion of these materials.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The adhesive properties of soft solids on surfaces are critical for
many industrial and household applications. Whilst adhesion is
desired in many applications, such as coating operations, in others
the adhesion of unwanted species and their accumulation to form
fouling deposits is an ongoing problem. In the food sector the
presence of such layers can reduce process efficiency and produc-
tivity. Their ability to harbour micro-organisms can compromise
hygienic operation, while cross-contamination (particularly in
multi-product plant) can affect product quality or compromise
batch integrity. Processes handling materials prone to adhere e

which can be the product itself, as in heat exchanger fouling - are
therefore subject to regular cleaning, monitoring and inspection.

Adhesion can often be managed by controlling the surface

morphology and composition (Detry et al., 2010). Coatings and
surface modifications can mitigate the initiation and build-up of
deposits and/or promote the release of soil under certain condi-
tions, facilitating cleaning (M�erian and Goddard, 2012). In the
cleaning map of Fryer and Asteriadou (2009), the promotion of soil
release from the substrate provides an alternative to the use of
chemical and/or thermal energy which would otherwise be needed
to remove complex soils with strong cohesive interactions. Pro-
moting soil release (termed adhesive failure by Fryer and Aster-
iadou) would in effect move the soil to a less complex region on
their map.

Successful coatings can accrue long-term process cost savings
(Gomes da Cruz et al., 2014) as well as improving safety and
hygiene.

1.1. Surface energy and work of adhesion

The scientific principles underpinning adhesion and cohesive
interactions are well established. In an aqueous environment the
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forces between a substrate and an adhering layer are determined
by contributions from electrostatic, Van der Waals, and solvation
forces (Israelachvili, 2010). Since many soiling layers are many
microns thick (they are visible to the naked eye) cohesive in-
teractions also determine how the layer responds to an imposed
force.

The surface topology and roughness play a role, by (i) deter-
mining the area available for interaction; (ii) controlling the inter-
action such as by the lotus leaf effect, where small, regular features
modify the effective contact angle; and (iii) affecting the nature of
the soiling layer, via the potential to promote nucleation (e.g. for
crystallisation, see Junghahn, 1964; or condensation, see
Zamuruyev et al., 2014), and mechanical interlocking.

The surface tension of a liquid or the surface energy of a solid is
classically treated as the sum of dispersion and polar forces, i.e.
g ¼ gd þ gp. Interfacial tensions obey the geometric mean ‘com-
bination rules’ described by Fowkes (1963). For cases where both
dispersive and polar interactions operate across the interface be-
tween medium 1 and 2 the interfacial tension is given by (Owens
and Wendt, 1969).

g12 ¼ g1 þ g2 � 2
� ffiffiffiffiffiffiffiffiffiffiffi

gd1g
d
2

q
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ffiffiffiffiffiffiffiffiffiffiffi
gp1g

p
2

q �
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Here, gi is the surface tension between substance i and vacuum: the
subscript for vacuum is omitted for convenience, as in many texts.
Moreover, gi,air z gi. The thermodynamic work of adhesion in an
immersed system is estimated from the difference in total inter-
facial energy when adhering species 1 wets a substrate 2 in me-
dium 3. As outlined by Clint and Wicks (2001), for an oil (1) to
adhere to a solid substrate (2) when immersed in water (3), the
work of adhesion, W123 is given by

W123 ¼ g23 þ g13 � g12 (2)

where g23, g13 and g12 are the interfacial tensions between sub-
strate/water, oil/sorrounding medium and oil/substrate, respec-
tively. By combining Equations (1) and (2) it can be shown that
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Considering the relatively weak intermolecular interactions
within and with a gas, for oil to attach to the same substrate when
sorrounded by air, W123 collapses to

W12 ¼ 2
� ffiffiffiffiffiffiffiffiffiffiffi
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2
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(4)

The oil will exhibit a contact angle, b, which is related to the
interfacial energies by the Young-Laplace equation. Equation (2)
then gives

W123 ¼ g13ð1þ cos bÞ (5)

The above relationships can be applied readily when the surface
is uniform and there is one adhering species.

Food materials pose particular challenges when designing and
predicting the performance of ‘non-stick’ coatings as a result of
their multicomponent nature and heterogeneous microstructure.
An aqueous solution may contain species which adsorb preferen-
tially to different surfaces. Many foods feature emulsions with two
liquid phases differing considerably in terms of hydrophobicity.
This multiphase nature extends further with baked goods such as

cake which may contain bubbles as well as solid components. This
aspect, of variable microstructure and composition within a food
material, is often neglected when considering adhesion to process
surfaces. A priori prediction of adhesion of food materials is often,
therefore, very approximate. Adhesion and removal behaviour of
food and related structure products therefore have to be studied in
situ, on the surface where they experience processing, under con-
ditions which reflect those encountered during processing.

1.2. Measurement methods and experimental studies

Experimental techniques have been developed to study the
adhesion or removal behaviour of complex soils on process sur-
faces. These can be categorised as applying a controlled or
measured strain, or controlled stress, to the soil layer (Ali et al.,
2015). Hydrodynamic approaches employ controlled (or esti-
mated) shear stress conditions andmonitor the response. Examples
include the parallel plate flowcell and fluid dynamic gauging. These
approaches provide useful information for design and operation
when fluid flow is used to remove soils, e.g. in cleaning-in-place
operations.

Controlled strain devices have been developed for studies at
different length scales. Plynometers, which reproduce the rubbing
action and frictional force imposed by hand cleaning, are used at
the product length scale (Zorita et al., 2010). Nano/microscale
measurements are now possible: Mayer et al. (2012) measured the
force required to dislodge individual CaCO3 crystals with a bending-
beam arrangement mounted in a scanning electron microscope
chamber.

Capturing the contributions from different components of a
composite, microstructured soil requires investigation at interme-
diate length scales. Zhang and co-workers (e.g. Akhtar et al. (2010))
modified the micromanipulation technique originally developed to
study deformation of cells (Zhang et al., 1991) to investigate the
adhesive and cohesive behaviour of fouling layers. In this version of
micromanipulation a stainless steel probe is dragged through the
deposit at a set height relative to the substrate at a defined speed.
This allows the forces to be measured and their variation with
height to be quantified. Ali et al. (2015) developed a variant of this
method which they called ‘millimanipulation’ to study viscoplastic
layers at larger length scales. Ashokkumar and Adler-Nissen (2011)
reported a similar scraping device to investigate the adhesion of
foodstuffs (pancake, turkeymeat, carrots and sweet potato) fried on
different surfaces.

In the current work, three failure modes were observed which
we label as adhesive, mixed, or cohesive (see Fig. 1). The influence
of adhesion and cohesion on removal behaviour were discussed
by Hoseney and Smewing (1999): sticky substances are associated
with high adhesive forces and low cohesive forces. Adhesive
failure occurs if the adhesive forces at the interface are weaker
than the cohesive forces within the deposited material: the cake
separates cleanly from the substrate, leaving little or no residual
material. Conversely, in cohesive failure, breakage occurs at a
shear plane within the cake, leaving a residual layer across the
circular area of contact. Mixed failure arises when both occur,
which is associated with the substrate surface and/or test material
being heterogeneous. Non-stick coatings should promote adhe-
sive failure, for ease of cleaning or for removal by forces exerted
during processing.

Ashokkumar and Adler-Nissen (2011); Ashokkumar et al. (2010)
evaluated the cleanability of different surfaces soiled by frying
carrot, sweet potato, turkey meat and pancake at temperatures
between 160 and 240 �C with and without applying oil prior to
frying. Their cleaning procedure involved water rinsing, soaking in
cleaning solutions and scrubbing with different sponges. They
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reported significant effects of surface roughness on removal forces
and amount of residue, which they related to bubble nucleation
behaviour. Smoother surfaces gave poorer removal performance.
The pancakes studied in their frying experiments featured porous
structures generated by high heat fluxes which promote boiling
and rapid moisture loss on the heated surface.

Cake is an aerated food product and is likewise generated by
baking a three-phase material, the batter. The heat fluxes in baking
are generally smaller and more uniform than in frying. During
baking the air bubbles present are expanded by the change in
temperature, evaporation and release of carbon dioxide from the
degradation of baking soda. The ‘continuous phase’ is a multiphase
dispersion, comprising an emulsion of oil droplets in a suspension
of flour particles in a sucrose solution. During baking, the starch in
the flour gelatinises and sets at higher temperatures to capture the
structure (see Chesterton et al., 2013). Whilst the characteristic
sizes of surface active molecules and proteins are of order nano-
metres, flour particles, oil droplets and air bubbles have diameters
of tens to several hundred micrometres. The material is therefore
heterogeneous at different length scales and was chosen as a
representative material to test the performance of non-stick coat-
ings for the food industry.

Coated baking trays are often used to minimise adhesion on
baking lines. A new version of the millimanipulation device re-
ported by Ali et al. (2015) is employed here which allows a wider
range of forces to be studied. The removal characteristics of sponge
cake prepared from a standard commercial cake mix were studied
for seven different fluoropolymer (FP) coated stainless steel plates,
as well as uncoated stainless steel and aluminium surfaces. The
influence of surface topography as well as work of adhesion, eval-
uated using Equation (3), were investigated. The effects of cake
formulation and baking timewere also studied and the findings are

compared with the results reported for frying by Ashokkumar and
Adler-Nissen (2011); Ashokkumar et al. (2010, 2012).

2. Materials and methods

2.1. Surfaces tested

Table 1 is a summary of the surfaces investigated. The majority
of substrate plates were 304 stainless steel with dimensions either
(i) square, 5 � 5 cm, thickness 2 mm (EN 1.4301 304, EN 10088-2
2R) or (ii) circular, 5 cm diameter, 1 mm thick (EN 1.4301 304, EN
10088-2 2B). Chemours supplied five different coated square and
two coated circular substrates. Uncoated circular stainless steel and
square aluminium alloy substrates were included as references,
representing metals commonly used in bakery equipment. Surfaces
were cleaned in dishwashing solution followed by rinsing with
copious amounts of tap water.

2.1.1. Surface energies
The dispersive and polar surface energy components of the test

surfaces were determined according to the Owens and Wendt
(1969) model with water, formamide, ethylene glycol and dodec-
ane. Twelve contact anglemeasurements were taken for each liquid
on each coating and the results are summarised in Table 2. PTFE-1
(used), SS and AL were strongly hydrophilic with surface energies
more than twice the others. As expected, alongside with the other
fully fluorinated coatings, the liquid based PTFE coating (PTFE-2)
had a low total surface energy. Its dispersive and polar surface
energy components are close to the values of gd ¼ 17 mJ/m2 and
gp ¼ 0.6 mJ/m2 reported for PTFE by Clint and Wicks (2001). The
non-zero polar component may arise from end-groups in the
polymerisation reaction. The contact angle data were also analysed

substrate
shearadhering species

(a) adhesive failure (b) mixed failure (c) cohesive failure

Fig. 1. Schematic of the failure modes encountered in experiments.

Table 1
Summary of surfaces studied. Sa and Sq are, respectively, the arithmetic mean and root mean square roughness of the substrates. ± indicates standard deviation.

Name Symbol Shape Thickness (mm) Surface Sa (nm) Sq (nm)

SS circular 1 stainless steel; EN 1.4301 304, EN 10088-2 2B 65 ± 9.6 90 ± 17

AL square 1 aluminium alloy 351 ± 31 425 ± 37

PFA-1 circular 1 liquid based perfluoroalkoxy alkane (PFA) 1447 ± 205 1760 ± 240

PFA-2 square 2 powder based PFA 490 ± 47 610 ± 58

PFA-3 square 2 liquid based PFA 560 ± 67 700 ± 80

FEP-1 circular 1 liquid based fluorinated ethylene propylene (FEP) 380 ± 54 470 ± 65

FEP-2 square 2 liquid based FEP 380 ± 78 480 ± 92

PTFE-1 square 2 epoxy resin with dispersed polytetra-fluoroethylene (PTFE) particles 740 ± 73 960 ± 110

PTFE-2 square 2 liquid based PTFE 2290 ± 310 2810 ± 290
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in terms of the van Oss et al. (1988) theory, which characterises the
surface energy in terms of electron donor and acceptor sites. This
indicated that electron donor components were dominant for all
the surfaces tested (data not presented) and hence this theory was
not used in the calculations as the system studied features no
strong Lewis acid-acid or base-base repulsions.

After baking, indelible marks were evident on the PTFE-1 plates
(see Supplementary Material 1), which remained after repeated
cleaning in detergent solution. Contact angle measurements on the
stained areas revealed that polar interactions had increased two-
fold, while dispersive interactions decreased. This change is
consistent with degradation of the epoxy resin during baking: this
material is known to degrade at 180 �C.

2.1.2. Topology and roughness
The surface topology was scanned at five positions on each

surface with a Zygo NewView 200 interferometer. The surface
profile data were filtered with a 5 � 5 median filter and missing
data were interpolated with a triangulation-based linear approach.
Typical topology plots for each surface are shown in Fig. 2. Both
metal surfaces feature striations associated with machining and
polishing. The arithmetic mean and root mean square roughness
was calculated according to ISO 25178 are summarised in Table 1.
Standard deviations were calculated on the basis of analysing the
five profiles separately.

2.2. Cake material

A commercial cake mix (Betty Crocker™ Classic Vanilla Cake
Mix) was used to generate cake test layers. Spray dried hen egg
(internationalegg.co.uk) was used rather than fresh eggs to
improve reproducibility. It was reconstituted with deionised water
using a 12:37 mass ratio of egg powder to water. The typical in-
gredients of the cake mix and the spray dried egg as sold are given
in Table 3. The total lipid content was varied between 6.11 wt% and
20.20 wt% by adding vegetable oil (100% rapeseed oil, Sainsbury's
supermarket) while maintaining themasses of all other ingredients
constant (see Table 4). The total constituent fractions of the cake
batters were calculated by assuming that the fibre and salt fractions
in the spray dried egg and the vegetable oil were negligible, as well
as there being no water in the cake mix, egg powder and vegetable
oil. The ingredients were combined in a large bowl with a spatula,

then whisked using a planetary mixer (Kenwood™ Chef KMC010)
for 3 min at Setting 1 (67 rpm) until a smooth consistency was
achieved. The air volume fraction of the batter, fair, calculated with
Equation (6), was around 27 vol%.

fair ¼ 1� r

rS
(6)

Here rs is the density of the deaerated suspension, obtained by
centrifuging 50 ml samples at 1200 g for 15 min.

2.3. Confocal laser scanning microscopy

To visualise how the lipids in the batter interact with test sur-
faces, an oil soluble dye (9 wt% oil loading doughþ oil Red O, Sigma
Aldrich, dye content � 75%) was mixed with rapeseed oil and
filtered with a 0.45 mm pore size syringe filter (Sartorius Stedim
Minisart®) before adding it to the batter mix. The dyed batter was
then applied using a 20 ml BD™ syringe to (polar) borosilicate and
(non-polar) polyvinyl chloride acetate (PVCA) cover slips. Confocal
laser scanning microscopy was conducted on a Leica TCS SP5 mi-
croscope with an argon laser exciting the fluorophore at 514 nm, a
40 � oil immersion lens (HCX PL APO 40 � 1.25e0.75 oil) and the
pinhole set at 60.6 mm.

2.4. Millimanipulation device

The millimanipulation tool shown in Fig. 3 offered superior and
more flexible performance than the device reported by Ali et al.
(2015). The sample is moved (the probe (1) is effectively static)
and the force is measured by the transducer (2; 0e10 N or 0e20 N
HBM S2M). The force measured by the transducer is amplified by a
ratio set by the position of the transducer on the tower (3). The axis
(4) can move at a steady speed, up to 20 mm/s, or move then rest
with a full step resolution of 5 mm. These tests featured a sharp
bottom edge on the probe, reducing the resistance from any ma-
terial underneath the probe. The sample may be tested immersed
in a temperature controlled bath (5), in ambient air on a plain
sample holder (6).

Fig. 4 (a) illustrates the millimanipulation action. A vertical
blade is brought into contact with the layer (here, a small cake) and
moved through the layer at a set speed, v. The voids in the structure
render it compressible and the deformation induced by the blade

Table 2
Equilibrium contact angle, b, measured at 20 �C, and surface energy components calculated from the Owens andWendt (1969) approach.± indicates 95% confidence interval of
the mean. Liquid parameters taken from (van Oss et al., 1992). bows is the contact angle for rapeseed oil (gd ¼ 33.8 mJ/m2, gp z 0 mJ/m2; Esteban et al. (2012)) in water
(gd ¼ 21.8 mJ/m2, gp ¼ 51.0 mJ/m2) on the surface calculated from Equation (5). Angles reported to one decimal place.

Liquid
gd (mJ/m2)
gp (mJ/m2)

Water
21.8
51.0

Formamide
39.0
19.0

Ethylene glycol
29.0
19.0

Dodecane
25.4
0.0

Surface energy
(mJ/m2)

bows

Surface b (�) gd gp (�)

SS 64.3 ± 1.9 61.5 ± 2.0 51.8 ± 2.9 4.0 ± 0.9 18.4 ± 5.2 21.0 ± 5.9 98.8
AL 57.6 ± 8.8 67.6 ± 8.2 41.2 ± 2.6 5.1 ± 1.4 18.8 ± 6.6 20.8 ± 7.4 108.0

PFA-1 105.4 ± 5.3 93.4 ± 3.3 90.7 ± 2.6 37.9 ± 1.3 17.2 ± 3.6 0.7 ± 0.8 45.1
PFA-2 110.3 ± 1.8 90.4 ± 1.8 94.7 ± 0.7 43.0 ± 0.8 17.6 ± 2.0 0.2 ± 0.2 36.4
PFA-3 108.2 ± 2.0 92.8 ± 3.5 91.8 ± 1.5 44.6 ± 1.2 16.7 ± 2.1 0.5 ± 0.4 42.5

FEP-1 98.0 ± 3.1 93.5 ± 1.3 91.0 ± 1.5 37.6 ± 1.8 15.2 ± 3.9 2.1 ± 1.6 58.6
FEP-2 108.4 ± 1.1 92.9 ± 4.0 92.6 ± 1.3 41.6 ± 3.3 17.2 ± 2.2 0.4 ± 0.3 40.4

PTFE-1 81.1 ± 3.5 70.1 ± 2.8 65.7 ± 2.9 19.3 ± 7.3 20.8 ± 3.2 7.2 ± 2.0 77.9
PTFE-1 used 63.0 ± 4.9 63.7 ± 3.7 61.4 ± 4.0 15.4 ± 3.9 18.0 ± 5.5 17.3 ± 5.7 101.7
PTFE-2 106.9 ± 4.7 96.3 ± 2.0 96.3 ± 3.0 38.1 ± 2.6 16.2 ± 3.8 0.5 ± 0.7 42.6

borosilicate glass slip 11.3 ± 1.13 9.7 ± 0.69 8.4 ± 0.16 0 ±0a 20.5 ± 4.7 45.6 ± 7.5 154.2
PVCA slip 103.8 ± 0.37 83.9 ± 0.96 79.5 ± 3.0 25.2 ± 1.1 22.3 ± 1.2 0.5 ± 0.2 41.5

a Contact angle too small to identify, set to zero.
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motion (a combination of compliance and yield) detaches the cake
in a complex fashion, often lifting it off at varying positions. This
was overcome by baking cake samples in the holding ring device

shown in Fig. 4 (b and c). The test cake here is small compared to
many baked products, starting as a short cylinder of batter with
diameter, D, of 50 mm and height 10 mm. The wall of the holder is

Fig. 2. Filtered and interpolated substrate surface topologies. Height scale differs between substrates.
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constructed from PTFE and a grid of 316 stainless steel 1 mm
diameter rods in the lower section ensures that the strain is
transmitted evenly through the base layer of the cake. The cake
then detaches across the substrate/cake interface when the ring is
moved laterally by the millimanipulation blade. As shown in Fig. 4
(b), a pin on the blade ensures that the shear force is applied at the
base of the ring. The contribution from the area under the PTFE ring
to the force measured, F, is negligible. The process is videoed with a

Table 3
Ingredients and constituents of cake mix and spray dried egg, taken from packaging.

Betty Crocker™ Classic Vanilla Cake Mix

Ingredients: sugar, wheat flour, palm fat, raising agents: monocalcium phosphate, sodium bicarbonate, modified
corn starch, salt, Emulsifiers: propane- 1, 2-dial esters of fatty acids, mono-diglycerides
of fatty acids, Flavouring, Stabiliser: Xanthan gum

Constituent Fraction (wt%)
Fat 7.8 (of which 4.1 are saturates)
Carbohydrates 79.3 (of which 47.1 are sugars)
Fibre 1.4
Protein 5.1
Salt 1.6

Spray dried hen egg

Ingredients: Pasteurised and spray dried hen eggs
Constituent Fraction (wt%)
Fat 42
Carbohydrates 5
Protein 46

Table 4
Ingredients and total constituent fractions of the cake batter recipes used. Bold text
indicates preparation according to the recipe on the packaging.

Ingredient
Cake mix (g) 135.00
Egg powder (g) 13.96
Deionised water (g) 118.94
Vegetable oil (g) 0.00 5.47 11.16 17.10 23.30 29.77 60.47

Mass fraction in batter (all in wt%)
Lipids 6.11 8.00 9.87 11.75 13.63 15.51 20.20
Carbohydrates 40.22 39.42 38.61 37.81 37.00 36.20 32.81
Fibre 0.71 0.69 0.68 0.66 0.65 0.64 0.57
Protein 4.96 4.87 4.77 4.67 4.57 4.47 4.05
Salt 0.81 0.79 0.77 0.76 0.74 0.73 0.66
Water 44.40 43.51 42.62 41.73 40.85 39.96 36.22

probe (1)

sample holder (6)

bath (5)

lever arm

swivel joint

force transducer (2)

holes for fastening

tower (3)

pre-tensioner weight

x-axis (4)

safety switch

z-axis

see 
Figure 4 (a)

189 mm

pin

x
z

Fig. 3. Schematic of the millimanipulation device. Components not shown: axis con-
trollers and force transducer amplifier.

Fig. 4. Millimanipulation of baked cake (a) without and (b) with support ring. Dotted
line in (a) shows the cake lifting up, which is prevented in (b) by the support ring
detailed in (c) ensuring a defined fracture plane.
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digital microscope and the amount and distribution of any residual
layer remaining on the substrate recorded by imaging and
weighing.

For experimental preparation the substrate plate and its test
ring were each weighed before the latter was clamped onto the
plate using three 51 mm fold-back clips. The compression provided
by the clips prevented the ingress of batter beneath the ring which
could result in an annulus of sticky material. 11.00 ± 0.05 g of cake
batter was filled into the chamber thus formed using a 20 ml BD™
syringe. Care was taken to fill the gaps between the rods so that the
cake batter covered the coated plate completely. The ‘mini-cakes’
were baked in a pre-heated Carbolite® oven at 180 �C for 8 min,
then left to cool for 30 min in a temperature-controlled room at
22 ± 1 �C. The clamps were then removed and the combined mass
of the plate, test ring and cake was measured. The mass of the
cooled cake weighed 9.37 g on average, representing a 15% mass
loss on baking. Following millimanipulation testing the plate and
any residual material was weighed and photographed.

Fig. 5 (a) shows a typical force profile during a steady shear test.
The signal is filtered with a finite impulse response band-stop filter

to remove 50 Hz noise. After contact with the probe, setting x ¼ 0,
the force increases linearly with displacement up to about 4 N, after
which the increase is non-linear, reaching a peak and falling
sharply as the majority of the connections within the cake and/or
between the cake and the surface rupture. This suggests that the
material contains elastic elements with a distribution of limiting
strains. Detailed interpretation of these results in terms of micro-
structural models was not attempted. Subsequently, the force de-
creases sharply and approaches a steady value associated with
friction as the sheared material moves over the fracture plane. The
low friction coefficient of PTFE and the light-weight ring (the
average mass of the rings was 20.2 g) reduced the frictional
contribution from the ring to less than 0.05 N during manipulation
testing (measured without cake present).

The peak force Fmax is extracted from each force profile as
indicated on the Figure and converted to the maximum shear
stress, tmax, by dividing by the cake contact area. The breakage
work per area (see Equation (7)), Wb, is determined by calculating
the work done (per unit area) from x ¼ 0 to X, where X is the
intercept on the x-axis of the projection of the tangent passing
through the point of inflection, I, marked in Fig. 5 (a):

Wb ¼ 1
A

ZX

0

Fdx (7)

Fig. 5 (b) shows the force profile obtained by a second mode of
testing, labelled relaxation testing. The probe was moved 1 mm and
then held in place for 20 s, labelled interval I, before being moved a
further 1mm, followed by 20 s delay (interval II), and then a further
1 mm (and interval III). The force decays with a quasi-exponential
trend in interval I, indicating a visco-elastic response of the mate-
rial. The peak force after interval I is similar to the initial value, but
the decay response is very different: this feature, and the small
force peak after interval II, indicates that rupture at the shear plane
is complete. Further consideration of such data and analysis are not
presented here: this mode of operation affords new insights into
the material behaviour.

3. Results and discussion

3.1. Removal behaviour

The majority of tests, on all surfaces and for all oil contents,
featured cohesive or mixed failure (see Fig. 1), leaving measurable
amounts of residual material on the coated surface. This indicated
that the strength of the adhesive interactions of the cake material
with the surfaces was comparable or stronger than the cohesive
interactions within the cake. The peak shear stress, tmax, and
breakage work,Wb, should then both be influenced strongly by the
forces required to disrupt the cake structure, and be less sensitive to
the presence of a coating. The reverse would apply if the tests
exhibited mostly adhesive failure. tmax and Wb showed a strong,
positive correlation for all surfaces which confirms this hypothesis
(see Supplementary Material 2). Cake with a high rapeseed oil
content left lumps, a few mm in diameter, on the stainless steel
surface. This indicates that the cohesive strength of the cake was
weak compared to the material's adhesion to the steel. Peak shear
stress is used as the indicator of forces in subsequent plots.

The effect of scraping speed, v, was investigated to see if this
would promote a transition in breakage mechanism. Tests con-
ducted with scraping speeds in the range 0.1e8 mm/s for the
reference formulation on two fluoropolymer coated surfaces
exhibited a logarithmic increase in tmax with v and no systematic
difference in failure mode (data not reported).
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Fig. 5. Typical millimanipulation force profiles for shearing of baked cake (PFA-2,
6.11 wt% total lipids). (a) standard test at v ¼ 1 mm/s: I marks the point of inflection
and X shows the limit of integration to obtain the breakage work with Equation (7). (b)
Relaxation test: Inset shows probe motion history, 1 mm/s, 1 mm scrape interval, 20 s
stop period.
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3.2. Effect of cake formulation

Fig. 6 and Table 5 indicate that the addition of oil reduces the
cohesive strength of the cake.

Fig. 6 (b) shows that, with the exception of uncoated stainless
steel, the peak shear stress decreases with increasing oil content up
to about 8 wt% and is effectively constant thereafter. The similarity
in trend for the remaining coatings and aluminium indicate that the
contribution from surface properties is small by comparison, which
is consistent with the hypothesis that tmax is determined by the
cohesive strength of the cake material.

The tmax values for the PTFE-2 coating are twice as large as the
other fluoropolymer coatings and decrease steadily with increasing
oil content, unlike the other fluoropolymer coatings. This was the
roughest surface tested, with Sa and Sq values of 2.3 mm and 2.8 mm,
respectively, andmaximumpeak to valley distances of about 14 mm.
The latter distance is large enough to harbour smaller flour parti-
cles. The large tmax values are not, however, accompanied by high
mres values, indicating that the large difference in surface rough-
ness has caused a difference in the mechanical properties of the
surface layer.

A simple explanation for the difference in tmax behaviour for the
two metals is not available. The measured surface energy compo-
nents are similar. The uncoated stainless steel is significantly
smoother than the aluminium (Table 1) but this cannot be readily
linked to the presence of a maximum in the cohesive forces. The
thermal diffusivity of the aluminium is approximately 20 � that of
the stainless steel so the aluminium surface would be expected to
reach the oven temperature more quickly. Temperature-driven
hardening at the surface would then be expected to be man-
ifested by greater adhesive or cohesive strength on the aluminium
plates. This is not evident, and the similarity of the aluminium re-
sults to most of the coated surfaces indicates that heat transfer
through the metal plate is not a significant factor. The additional
thermal resistance imparted by coating is therefore not important.
Similarly, the thickness of the plate had little effect.

Fig. 6 (a) shows that the lipid content has a relatively small effect
on the amount of residue with the exception of the uncoated
stainless steel. The mres values for all PFA coatings and FEP-2 are

effectively constant, while FEP-1 shows a minimum around 12 wt%
oil. Coating PTFE-1 gives mres values similar to aluminium, both
exhibiting a decrease in mres with increasing cake oil content. The
uncoated stainless steel results are again anomalous, giving values
similar to the aluminium until 14 wt% and then a wide range of
values at the highest oil loading. The anomalous datum of steel
(20 wt% lipids), marked L, gave high mres and low tmax values
compared to the other steel tests (see also Table 5). This suggests a
lower cohesive strength than adhesive strength, and is thought to
arise from the oil preferring not to wet the surface but remaining in
the bulk material.

The effect of surface energy on oil behaviour in the batter is
demonstrated by the series of confocal microscopy images in Fig. 7,
obtained with the 8 wt% oil content formulation on transparent
surfaces. No baking was done. In (a), the microscope cover slip is
made of strongly polar borosilicate glass whereas in (b) it is made
from non-polar PVCA. Some oil droplets are evident suspended in
the bulk of the dough whereas others are adhering to the sub-
strates. The oil does not wet the polar borosilicate glass readily,
instead forming discrete droplets with sizes up to 20 mm. The
contact angle measured from the image is around 130�. The work of
adhesion is low, estimated as 5.2 mJ/m2 for an ideal system of
rapeseed oil on borosilicate glass when immersed in water. The
contact angle calculated from Equation (5) was 154.2� (see Table 2
for calculated oil-surface-water contact angles), which is compa-
rable with the observed value. The difference is attributed to sur-
face active components and the batter's resistance to deformation.

In contrast, thework of adhesion of the oil on PVCA inwater was
calculated to be 91.5 mJ/m2. The affinity for the oil to stay at the
non-polar polymer is demonstrated by Fig. 7 (b), where the oil wets
the PVCA surface readily and spreads across the surface. The con-
tact angle is around 25�, which compares favourably with the value
of 41.5� calculated for oil on PVCA in water. Quantitative analysis of
the fluorescence intensity data (see Supplementary Material 3)
showed the oil content to be greatest at the interface, whereas on
the borosilicate glass the maximum oil content was located
approximately 5 mm from the interface, which is consistent with
the oleophobicity of the surface in an aqueous environment.
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3.3. Effect of surface roughness

Surface roughness and surface energy have been reported to
influence the performance of surface coatings. The influence of
individual factors onmres and low tmax were quantified, for each oil
content, and the Pearson correlation coefficients of the samples are
presented in Table 6. Multi-variate techniques were not attempted
as the results are unlikely to offer deterministic insight. The peak
shear stress data do not show a systematic dependency on any of
the parameters tested, with the largest coefficient being 0.69. This

is consistent with tmax being determined by forces involved in
cohesive failure, which is expected to be determined chiefly by
batter formulation rather than surface characteristics. Plots for
peak shear stress over roughness for four batter formulations are
provided in Supplementary Material 4.

The correlation coefficients for mres for all oil contents studied
show a very weak, negative correlation with Sa and Sq, indicating
that there is little direct influence of surface roughness on the
amount of residual layer. Similar findings were reported for bac-
terial adhesion on stainless steels by Detry et al. (2010). An estimate

Table 5
Photos of typical residue left on the substrates after Millimanipulation for four different total lipid fractions. Anomalous case where lumps of cake were left on SS plates at
20.2 wt% lipid is shown. Numbers are average residue masses in g/m2 and ± indicate standard errors.

Fig. 7. Orthogonal section images obtained by CSLM of cake dough with 8 wt% total lipids on (a) borosilicate glass and (b) PVCA cover slips. Red indicates lipids labelled with Oil Red
O. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of roughness-related coverage can be obtained by assuming that
the support ring slides across the top of the highest asperities. The
residual mass can then be estimated from the peak-to-valley
dimension. This will be an overestimate. Taking the largest peak-
to-valley value, 14 mm with PTFE-2, and batter density of approxi-
mately 950 kg/m3, gives a coverage of 13 g/m2. This is smaller than
all those measured, and indicates that mres is not determined by
filling the surface features. The values measured on most of the
coated plates, or 40e70 g/m2, correspond to a layer thickness of
40e70 mm, which is similar to the sizes of the structural compo-
nents in the cake, i.e. the oil droplets (5e20 mm) and flour particles.

3.4. Work of adhesion

Table 6 reports a strong positive correlation between the re-
sidual mass and all three components of surface energy, particu-
larly for gp, for which correlation coefficients ranged from 0.87 to
0.97. This result is consistent with the postulation of mres being
linked to oil wetting behaviour outlined above. A stronger, negative,
correlation is evident when the surface energy components are
combined in the theoretical work of wetting, W123. Fig. 8(a) illus-
trates that a high work of adhesion of the oil phase, and thus its
tendency to wet the surface, deters cake retention.

An explanation for this behaviour is that the surface coating
determines whether the oil spreads readily across the surface or is
present as discrete ‘islands’, resulting in different fractions of sur-
face area in direct contact with the aqueous matrix. The cluster of
smaller mres values in Fig. 8(a) belong to surfaces with g12 <g23,
giving from Equations (2) and (5) an oil contact angle in water less

than 90�, indicating the that oil will prefer to spread on the sub-
strate. The baking time is too short for the oil to react to give a
cohesive material (8 min at 180 �C is not sufficient time to cause
polymerisation of the oil: Ali et al. (2015) baked their lard layers for
several hours), whereas the starch and proteins in the matrix un-
dergo various transformations in this time. The oil thus tends to
shear rather than rupture during testing, requiring a smaller shear
force. Regions with high matrix contact will register higher peak
force. It should be noted that the W123 values are calculated for
simple oil-matrix-substrate interactions and do not account for the
volume fraction of oil in the batter, which will determine the
availability of oil to coat the surface.

The results obtained for the 6.11 wt% lipid formulation, with no
additional rapeseed oil, are presented in Fig. 8 (b). This shows a
similar trend but there is more scatter. In this case the lipids are
palm fat and lipids present in the egg powder, a fraction of which
are solid at room temperature. They are less mobile in terms of
wetting and also provide stronger resistance to shear when tested
at room temperature.

3.5. Discussion

Fluorocarbon-based coatings are often considered for ‘non-stick’
applications and many studies have demonstrated their effective-
ness for food operations, including frying (Ashokkumar and Adler-
Nissen, 2011), thermal processing of milk (Gomes da Cruz et al.,
2014) and handling caramel (Goode et al., 2013). Goode et al.
used atomic force microscopy to measure the adhesion forces be-
tween stainless steel or fluoro-coated glass (FCG) surfaces and (i)

Table 6
Sample Pearson correlation coefficients between surface properties and residual mass and maximum shear stress for different total lipid contents. Coefficients in bold indicate
highest correlation for a specific lipid content.

Lipid content mres (g/m2) tmax (Pa)

6.11 8 13.63 20.2 6.11 8 13.63 20.2

g 0.87 0.97 0.93 0.88 �0.038 0.0023 0.36 �0.072
gd 0.62 0.67 0.60 0.60 �0.33 �0.20 0.48 �0.38
gp 0.87 0.97 0.95 0.88 0.014 0.036 0.32 �0.017
W123 ¡0.89 ¡0.99 ¡0.95 ¡0.91 0.0041 �0.072 �0.33 0.037
Sa �0.22 �0.43 �0.33 �0.49 0.69 0.63 0.15 0.67
Sq �0.21 �0.42 �0.33 �0.48 0.68 0.63 0.14 0.67
Substrate thickness �0.31 �0.41 �0.17 �0.46 0.12 �0.044 �0.17 0.27
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Fig. 8. Effect of work of adhesion on residual mass of cake remaining on surface after testing, for (a) cakes containing additional rapeseed oil, total lipid fraction 8, 13.63 or 20.02 wt
%, and (b) cakes with no added oil, containing higher melting point lipids from the cake mix (palm fat) and egg powder amounting to 6.11 wt% lipids. W123 was calculated using
Equation (3) with solid surface energy components from Table 2, oil parameters (gd ¼ 33.8 mJ/m2, gp ¼ 0 mJ/m2) and water parameters (gd ¼ 21.8 mJ/m2, gp ¼ 51.0 mJ/m2). Symbols
given in Table 1.
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whey protein concentrate, (ii) sweetened condensed milk, and (iii)
caramel, over the temperature range 30e90 �C. The protein
concentrate did not adhere strongly to FCG at temperatures up to
70 �C but adhered strongly at 90 �C, which is attributed to dena-
turation of the protein and a change in its surface characteristics.
Caramel (containing 11 wt% fat) adhered strongly to FCG initially
and this diminished with contact times longer than 1 s. The
adhesion of caramel at short contact times depended on temper-
ature whereas it was independent of temperature at longer times,
suggesting that the material involved in adhesion changed over the
first second of contact. On the basis of the results presented above
we postulate that this behaviour is related to the time for lipids to
diffuse to and adsorb at the interface, replacing the polar aqueous
phase.

It is interesting to compare these findings with the results for
pancake frying reported by Ashokkumar et al. (2010). Their pancake
formulations differed noticeably from the cake mixes studied here
(egg white 13.3%, egg yolk 8%, milk 40%, 33.3% wheat flour, 5.3%
sugar: water content 59.3%, all w.b.). The contact angle data from
Ashokkumar et al. (2012) were used to estimate W123 for adhesion
of the frying oil to the different surfaces, assuming an initially
aqueous environment. In cases where no oil was added prior to
frying the cleaning rating (a visual characterisation) was indepen-
dent of W123. When oil was added, the deposit was harder to clean
from polar metallic surfaces (with lower W123 values), which is
consistent with Fig. 8. However, the relationship between cleaning
rating and W123 is much less pronounced. The simple work of
adhesion model assumes a liquid water phase competing with the
oil in wetting. During frying, bubble formation and water evapo-
ration is likely to remove the water phase from the surface soon
after contact, giving rise to the insensitivity to W123.

The cake materials investigated here demonstrate that ‘non-
stick’ behaviour is not universal and is determined by the surface
and the soil properties. It would be a challenge to identify a surface
which would resist attachment of this material as it contains three
components with very different wetting characteristics: oil, a
sugar/starch aqueous phase, and bubbles likely to have surface
active proteins at the liquid/vapour interface. Moreover, the ma-
terial is processed in such a way (semi-quiescent baking) that al-
lows adhering components to migrate to the surface.

Finally, it must be noted that cleaning with a liquid involves a
new series of interactions and is likely to promote detachment of
the residues, particularly if surfactants or shear forces are present.
This highlights the difference between attachment and cleaning.

4. Conclusions

Millimanipulation was used to evaluate the performance of
stainless steel plates coated with seven different fluorocarbon
coatings, alongside stainless steel and aluminium surfaces as
reference. The surface energies and topographies of the surfaces
were measured and the former was used to calculate the ideal
energy of wetting associated with oil attaching to the surface when
immersed in water.

The removal tests were conducted in the dry state. There was
little influence of scraping speed and surface roughness, but a
strong sensitivity to cake oil content. This result, alongside the
observation of residual material on all surfaces, confirmed that the
cake was a sticky material wherein adhesion to the surface was
stronger that cohesive interactions within the cake matrix. The
removal forces were mostly sensitive only to oil content, whereas
the amount of residue was found to be directly related to the oil's
work of adhesion to the surfaces assuming the cake matrix to
resemble an aqueous environment.

The ability of oil to replace water from a surface seems to be a

key mechanism for a ‘non-stick’ surface in baking applications
involving water and oil containing doughs or oil pre-wetted
moulds. In frying, where the foodstuff is placed on a hot surface,
the situation is different. High temperatures evaporate water too
quickly to allow the oil to be driven to the surface by hydrophobic
repulsion.
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Nomenclature

Roman
A cake contact area m2

D diameter of test cake m
F force N
mres residual mass per area g/m2

Sa roughness according to ISO 25178, arithmetic mean m
Sq roughness according to ISO 25178, root mean square m
W adhesion/breakage work per area J/m2

v millimanipulation velocity m/s
x scraping distance m
X upper integration limit in calculation of breakage work

per area m

Greek
b, bows contact angle, value for oil in water on surface �

g surface energy, surface tension mJ/m2

r, rS density of the cake batter, centrifuged cake batter
(suspension) kg/m2

t,tmax shear stress, peak value kPa
fair air volume fraction

Subscripts
1 adsorbing species
2 surface
3 surrounding medium
b breakage
i integer

Superscripts
d dispersive
p polar
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